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ABSTRACT
We study the global star formation law - the relation between gas and star formation (SF) rates in a
sample of 181 local galaxies with infrared (IR) luminosities spanning almost five orders of magnitude
(107.8 − 1012.3 L⊙), which includes 115 normal spiral galaxies and 66 (ultra)luminous IR galaxies
[(U)LIRGs, LIR ≥ 10
11 L⊙]. We derive their atomic, molecular gas and dense molecular gas masses
using newly available HI, CO and HCN data from the literature, and SF rates are determined both
from total IR (8− 1000 µm) and 1.4 GHz radio continuum (RC) luminosities. In order to derive
the disk-averaged surface densities of gas and SF rates, we have taken a novel approach and used
high-resolution RC observations to measure the radio sizes for all 181 galaxies. In our sample, we find
that the surface density of dense molecular gas (as traced by HCN) has the tightest correlation with
that of SF rates (ΣSFR), and is linear in log− log space (power-law slope of N = 1.01± 0.02) across
the full galaxy sample. The correlation between surface densities of molecular gas (ΣH2 ,traced by
CO) and ΣSFR is sensitive to the adopted value of the CO-to-H2 conversion factor (αCO) used to infer
molecular gas masses from CO luminosities. For a fixed Galactic value of αCO, a power law index of
1.14±0.02 is found. If instead we adopt values for αCO of 4.6 and 0.8 for disk galaxies and (U)LIRGs,
respectively, we find the two galaxy populations separate into two distinct ΣSFR versus ΣH2 relations.
Finally, applying a continuously varying αCO to our sample, we recover a single ΣSFR-ΣH2 relation
with slope of 1.60± 0.03. The ΣSFR is a steeper function of total gas Σgas (molecular gas with atomic
gas) than that of molecular gas ΣH2 , and are tighter among low-luminosity galaxies. We find no
correlation between global surface densities of SFRs and atomic gas (H I).
Subject headings: galaxies: low-redshift, high-redshift — galaxies: formation — galaxies: evolution —
galaxies: starbursts — radio
1. INTRODUCTION
The notion of a general so-called star formation
(SF) law applicable to galaxies was first introduced by
Schmidt (1959), who suggested that the star formation
rate (SFR) volume density (ρSFR) varies with the in-
terstellar gas volume density (ρgas) as a power law, i.e.
ρSFR ∝ ρ
N
gas, where N ∼ 2. Under the assumption of a
constant scale-height for the star forming gas, this rela-
tion translates directly into an equivalent expression for
the SFR and gas surface density, ΣSFR ∝ Σ
N
gas, which can
be determined from observations. In a seminal study of
the SFR (traced by Hα) and gas (traced by H I and CO)
distributions in a sample of nearby galaxies, Kennicutt
(1998) (K98 hereafter) found N ∼ 1.4 ± 0.2. Neverthe-
less, discrepancies widely exist in the power-law index
(e.g., Bouche´ et al. 2007; Bigiel et al. 2008; Blanc et al.
2009; Verley et al. 2010). The exact functional form of
the SF law has important implications for our under-
standing of the physical processes that govern SF in
galaxies (Krumholz et al. 2012) and also plays an im-
portant role in the evolution of global galaxy properties
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In recent years, the increases in receiver sensitivities
have allowed for high-resolution maps of the SFR and
gas distribution, and thus made probing the spatially re-
solved SF law on sub-kpc scales in nearby galaxies achiev-
able. (e.g., Wong & Blitz 2002; Kennicutt et al. 2007;
Bigiel et al. 2008, 2011; Blanc et al. 2009; Schruba et al.
2010, 2011; Rahman et al. 2012). Such detailed stud-
ies provide important insights into the physical pro-
cesses governing the SF. However, they are rarely feasi-
ble in the distant Universe, and have only been achieved
in a few local (ultra)luminous IR galaxies [(U)LIRGs,
LIR ≥ 10
11 L⊙] (e.g., Boquien et al. 2011) and high-
z galaxies (e.g., Hodge et al. 2012). Instead, the global
galaxy-averaged measurements, covering a large range of
galaxies with extremely distributed SFRs and gas densi-
ties, provide a powerful way of characterising the SF law
as a function of galaxy-wide properties.
A critical aspect of determining the global SF law is
the ability to accurately measure the physical size of the
star forming region within galaxies. Past studies have
used a variety of optical, IR and CO imaging to deter-
mine the extent of star forming areas. In K98, where a
total of more than 90 local galaxies were studied (most
are normal spiral galaxies, with ∼ 10 (U)LIRGs), the
sizes used to normalize the total SFRs and gas masses
for the subset of normal galaxies were determined from
optical images, while the sizes of IR starbursts were de-
termined from CO or IR maps. Determining the physical
sizes of star forming regions in high-z galaxies turned out
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to be a much bigger challenge due to its requirement for
higher resolution and sensitivity. As a result, the high-z
studies, as well as local studies, usually adopted different
methods in different wavebands in deducing the sizes for
the various sub-samples. This would inevitably intro-
duce systematic uncertainties. Thus, it is necessary to
introduce a uniform way to determine the physical scales
of both local and high-z galaxies.
In the work presented here, we revisit the local
SF law based on a dataset nearly twice as large as
that of K98, and we use high-resolution radio con-
tinuum (RC) maps exclusively to infer the sizes of
star forming areas and their SFRs. The radio is an
excellent tracer of SF. It is extinction-free and ex-
hibits an extraordinarily tight correlation with far-IR
light (∼ 0.3 dex scatter over five orders of magni-
tude in luminosity) (Condon et al. 1991; Yun et al. 2001;
Murphy et al. 2006b), which shows little or no evolution
over the redshift range z = 0 − 2 (Sargent et al. 2010;
Bourne et al. 2011; Mao et al. 2011). Spatially resolved
measurements of local star forming galaxies in the ra-
dio and far-IR have shown that this tight relationship
extends down to <∼ 1 kpc within disks (Murphy et al.
2006a,b, 2008). Similar observations of early-type
galaxies show a striking agreement between the radio,
mid-IR (24µm) and CO morphologies (Lucero & Young
2007; Young et al. 2009). The highest resolution of
radio interferometers (e.g., (J)VLA, eMerlin) can re-
solve even the most compact nearby starburst galaxies
(Condon et al. 1996; Carilli et al. 1998; Carilli & Taylor
2000; Pihlstro¨m et al. 2001; Momjian et al. 2003). We
therefore expect our radio-inferred galaxy sizes to accu-
rately match the star forming regions in various types of
galaxies in our sample.
Millimeter and IR observations of giant molecular
clouds (GMCs) in our Galaxy have shown that stars
form in dense cores, and that massive stars form al-
most exclusively in clumps/clusters of massive dense
cores (Evans 1999, 2008; Wu et al. 2010). The dense gas
(n > 104 cm−3) residing in these cores is best traced
by molecules with high-dipole moments and thus high
critical densities, such as HCN and CS. Gao & Solomon
(2004a,b) (GS04a,b hereafter) carried out the first sys-
tematic HCN survey of a large local galaxy sample and
found a tight linear correlation between the IR and
HCN luminosities spanning three orders of magnitude.
More recent studies, targeting not just HCN but also
other high-density gas tracers (e.g. HCO+, HNC, CN
and CS) in local galaxies, also find molecular line lu-
minosities linearly increasing with IR luminosity (LIR)
(Baan et al. 2008; Krips et al. 2008; Juneau et al. 2009;
Matsushita et al. 2010; Zhang et al. 2014). Here, we also
present an analysis of the dense gas SF law based on
HCN observations, in addition to the SF law of atomic,
molecular and total gas. In order to obtain the largest
possible HCN sample, we compiled all well-sampled HCN
measurements in local galaxies available in the literature.
In the work presented here, we scale the various gas
components (atomic, molecular, total gas and dense
molecular gas) and uniformly calibrated SFRs (either IR
or RC) with the consistently derived radio sizes to de-
rive the surface densities and their relations. A brief re-
port of some preliminary results based on a smaller sam-
ple can be found in an earlier paper (Liu & Gao 2012).
Here, we further increase our sample size by nearly 50%
and present a thorough analysis and discussion. We de-
scribe our galaxy sample and data in § 2, and describe
the method to measure galaxy sizes from radio maps in
§ 3. Our derivation and analysis of the global SF law
in its various forms are presented in § 4. We discuss
various related issues and factors that may have influ-
ence to the derived SF laws in § 5, and conclude in § 6.
Throughout this paper, we adopt a flat cosmology with
H0 = 71 km s
−1 Mpc−1 (Komatsu et al. 2011).
2. GALAXY SAMPLE AND DATA
2.1. Sample selection
Our sample is a combined sample of K98 and GS04b
which contains 130 galaxies, supplemented by 51 ad-
ditional sources with well-sampled HCN measurements
available in the literature. K98 includes 61 spiral disk
galaxies and 36 IR-selected starburst galaxies (circumnu-
clear IR starbursts in normal star forming galaxies and
(U)LIRGs). GS04b contains 65 galaxies, of which ∼ 25
overlap with KS98 sample. Finally, we excluded galax-
ies with known powerful active galactic nuclei (AGN)
and galaxies with q-indices (Helou et al. 1985) less than
1.7. The final sample comprises 181 local galaxies, 66 of
which are (U)LIRGs. It covers almost all morphological
types, ranging from early types (E, S0) to late spirals
and irregular galaxies. They are in a variety of envi-
ronments, from apparently isolated galaxy to group or
cluster members. The total-IR (8 – 1000 µm) luminos-
ity of our galaxies spans almost 5 orders of magnitude,
log(LIR/L⊙) ∼ 7.8 − 12.3. The distances range from
0.75 to 280 Mpc. For each galaxy in the sample, we have
high-resolution RC maps and integrated H I/CO/IR/RC
fluxes. Of the entire sample of 181 galaxies, 128 galax-
ies have published HCN data in the literature, and 95
galaxies have published H I maps or H I sizes. Our sam-
ple is the largest sample of local star forming galaxies
with H I/CO/HCN/IR/RC measurements available. All
luminosities (LH I, LCO, LHCN, LIR and LRC) and lumi-
nosity distances were converted to the common cosmo-
logical parameters adopted here.
2.2. Data
2.2.1. H I data
H I maps or sizes for 95 of the 115 normal star forming
galaxies in our sample were obtained from H I imaging
surveys carried out with the (J)VLA and the Wester-
bork Synthesis Radio Telescope (WSRT). They are: (1)
the H I Nearby Galaxy Survey (TH INGS) (Walter et al.
2008), which provides high-resolution (FWHM ∼ 6′′)
VLA maps of nearby galaxies; (2) the VLA Imaging sur-
vey of Virgo galaxies in Atomic gas (VIVA) (Chung et al.
2009a), which includes H I images (FWHM ∼ 15′′−16′′)
of late type galaxies in the Virgo cluster; (3) Local Irreg-
ulars That Trace Luminosity Extremes, The H I Nearby
Galaxy Survey (Little TH INGS) (Hunter et al. 2012),
which assembles a dataset of high sensitivity and resolu-
tion (FWHM ∼ 6′′) H I maps of dwarf irregular galaxies
obtained with the (J)VLA; (4) the Westerbork H I Survey
of Spiral and Irregular Galaxies (WH ISP) (Swaters et al.
2002; Swaters & Balcells 2002; Noordermeer et al. 2005),
a large H I survey of several hundreds of nearby spiral and
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irregular galaxies (FWHM ∼ 15′′×30′′); (5) the Wester-
bork SAURON H I Survey (Oosterloo et al. 2010), which
presents deep H I maps for SAURON early-type galaxies
(FWHM ∼ 70′′ × 25′′).
The H I surface densities (ΣH I) for these 95 galaxies
were derived in one of the following two ways. For 51
galaxies with H I maps publically available as fits files,
we directly measured the average H I surface densities
within our derived radio sizes (see § 3 for how we derived
the radio sizes). For 44 of the galaxies, only published
H I disk sizes (defined as where the face-on corrected H I
surface density drops below 1 M⊙ pc
−2) were available,
we averaged the total H I mass over the H I sizes. We
see no systematic differences in the H I surface densities
between the two cases (see Fig. 2). Comparing the H I
sizes with the radio sizes (see § 3) we found the former to
be 3−7× larger, which is not surprising since H I is often
found to extend to the optical diameter of disk galax-
ies or even to larger scale lengths where star formation
is not occuring (Garc´ıa-Ruiz et al. 2002; Swaters et al.
2002; Chung et al. 2009a). For the remaining 20 normal
star forming galaxies no published H I maps or sizes were
available, and we do not include them in our analysis of
the ΣSFR-ΣH I relation.
We ignored the neutral atomic hydrogen in (U)LIRGs
for the following reasons. First, the atomic gas fraction
in (U)LIRGs is much smaller, and often negligible, com-
pared with the molecular gas content, particularly within
the compact starburst regions. It is well known that the
H2/H I ratio increases with the IR excess in (U)LIRGs
(Mirabel & Sanders 1989) and active star forming spiral
galaxies tend to have more than one order of magnitude
higher H2/H I ratio than those of the quiescent galax-
ies of extremely late Hubble types at lower luminosities
(Young & Knezek 1989). Secondly, the H I distribution
in (U)LIRGs often show complex morphologies, being
distorted as the merger progresses (Hibbard et al. 2001b;
Wang et al. 2001; Chen et al. 2002), or revealing elon-
gated streams or tails of gas (e.g., Taramopoulos et al.
2001; Hibbard et al. 2001a). This also tends to clearly
show some signatures in the global H I spectra in ULIRGs
(e.g., van Driel et al. 2001). In addition, strong H I ab-
sorption feature is often seen against the nuclear regions
of (U)LIRGs (Cole et al. 1999; Taramopoulos et al. 2001;
Chen et al. 2002; Momjian et al. 2003).
2.2.2. CO data
Velocity-integrated CO fluxes were gathered from the
literature and, when available, preference was given to
CO fluxes derived directly from galaxy-integrated imag-
ing measurements, of which we chose the values from
single-dish maps (GS04b; Kuno et al. 2007; Chung et al.
2009b) over interferometer maps (Sofue et al. 2003;
Helfer et al. 2003; Young et al. 2008) to avoid missing
flux. Our second choice was the global CO fluxes in-
ferred from observations along the major and/or mi-
nor axes of the disks, combining with model assump-
tions of the gas distribution (GS04b; Young et al. 1995;
Paglione et al. 2001; Nishiyama & Nakai 2001). Instead
of early CO surveys compiled in K98’s work, which suf-
fered from both small sample sizes and limited spatial
coverage as well as sensitivity, the new CO surveys had
made impressive progress in both sampled spatial cover-
age and observation resolution. The improved sensitivity
of these observation and facilities even allowed the cold
molecular gas of early-type galaxies to be detected (e.g.,
Young et al. 2008; Crocker et al. 2011). We found a gen-
eral agreement between the CO fluxes from the different
surveys in the cases of overlapping CO measurements.
The agreement is typically within 20% - 35%, although
some interferometric fluxes deviated by as much as 20%
- 50% from the single dish measurements. The data sets
from surveys along major and/or minor axis deviated
from single dish fluxes by smaller factors of 5% - 30%.
2.2.3. HCN data
We used the HCN (1-0) transition (ncrit ≈ 1 ×
105 cm−3) as a tracer of dense molecular gas, as
it is one of the most abundant high dipole moment
molecules and the most frequently observed interstel-
lar molecules after CO in galaxies. In order to ob-
tain the largest possible HCN (1-0) sample, we col-
lected all robust measurements available in the litera-
ture. Our final HCN sample consists of 128 galaxies
in total, mostly from GS04b, Baan et al. (2008), and
Garc´ıa-Burillo et al. (2012). It also includes recent HCN
(1-0) detections of a handful of CO-luminous early-type
galaxies (Krips et al. 2010; Crocker et al. 2012), which
enabled us to probe the dense gas SF law at lower lu-
minosities. The compiled sample spanned 3 orders in
HCN luminosity (L′HCN/(K km s
−1 pc2) ∼ 107.1−9.7).
It consists of 65 (U)LIRGs, 47 spiral galaxies, and 16
early-type galaxies. The formulas to calculate atomic gas
mass, molecular mass, and dense molecular mass from
the observed line fluxes are given in Appendix A.
2.2.4. IR and 1.4 GHz RC data
The IR emission is a sensitive tracer of the young stellar
population and SFR, as a significant fraction of the bolo-
metric luminosity of a galaxy is absorbed by interstellar
dust and re-emitted in the thermal IR (K98). Total-IR
8 – 1000 µm luminosities were calculated using 12, 25,
60, 100 µm photometry from the Infrared Astronomical
Satellite (IRAS) and the formulas presented in Table 1
of Sanders & Mirabel (1996).
The 1.4 GHz radio continuum emission probes syn-
chrotron radiation from supernovae remnants and ther-
mal emission from H II regions, whose progenitors are
both short-lived massive stars and hence trace recent
SF (e.g., Condon 1992; Yun et al. 2001). This make the
radio a reliable tracer of SF, as indicated by the tight
IR-radio correlation. Integrated 1.4 GHz radio fluxes
were, for the most part, obtained from the NRAO VLA
Sky Survey (NVSS; Condon et al. 1998; Yun et al. 2001;
Condon et al. 2002). Due to its large beam size and high
sensitivity, the NVSS is able to provide reliable inte-
grated flux measurements. For the remaining sources,
1.4 GHz fluxes were obtained from a number of other ra-
dio surveys, see Table 1 for references. Mono-chromatic
(1.4 GHz) radio luminosities were subsequently inferred
using L1.4GHz = 4πD
2
LS1.4GHz. Table 1 lists the distance,
as well as CO, HCN, IR and RC luminosities.
3. RADIO SIZES AND STAR FORMATION RATES
We do not only use integrated radio (1.4 GHz) fluxes
to trace SFRs of galaxies, but also utilize radio images
to derive the sizes of star forming regions. About two
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thirds of our sources had published high-resolution ra-
dio maps from various systematic VLA radio imaging
surveys (Condon 1987; Condon et al. 1990, 1991, 1996;
Becker et al. 2003). The remaining one third (∼ 64
sources) did not however, (or in some cases they were
of poor quality), and in those cases we had to re-
duce the raw data retrieved from the NRAO archive
(https://archive.nrao.edu) using AIPS. The image re-
duction was done using standard AIPS procedures, i.e.
blanking of bad visibilities, followed by calibration and
CLEAN imaging. In some cases, data sets from differ-
ent VLA configurations were combined in the visibility
plane to improve sensitivity and resolution. This step
was done using the task DBCON after each uv data set
had been calibrated separately. For a few (∼ 3) southern
sources, radio maps from the Molonglo Observatory Syn-
thesis Telescope (MOST) were used (Mauch et al. 2008).
As a consistency check, we compared the NVSS radio
fluxes with the integrated fluxes derived from our reduced
maps and found good agreement.
The typical noise level of our radio maps is
∼ 0.1 mJy beam−1, which should be sufficient to detect
low-brightness emission and allow for accurate measure-
ment of the radio size. Radio sizes were determined from
2D Gaussian fits in the image plane using the AIPS task
IMFIT. A detailed description of the radio size measure-
ments and related issues, such as AGN contamination
and missing flux problem due to high-resolution interfer-
ometer data, are given in the Appendix B.
The radio size may arguably serve as a more truthful
picture of the extent of the star forming regions than the
mixture of IR and CO maps often used, since the ra-
dio continuum is a well-known, extinction-free SF tracer
(Condon et al. 1991, 1996) while both of IR and CO ob-
servations often suffer from very limited sensitivity and
resolution. Furthermore, in some cases CO may also be
tracing diffuse molecular gas that is not actively form-
ing stars (Bothwell et al. 2010; Rujopakarn et al. 2011),
while the IR emission have a significant contribution from
dust heated by the ambient FUV field from evolved stel-
lar population. The radio continuum, on the other hand,
probes synchrotron radiation from supernovae remnants
and thermal emission from H II regions, both of which
have short-lived massive stars as progenitors, and may
therefore be a better tracer of the recent SF and its spa-
tial extent within galaxies.
Sizes inferred from optical images, often adopted for
normal galaxies, include old stellar components that usu-
ally extend beyond the regions where the SF is occurring.
Indeed, a comparison of the optical sizes of the normal
galaxies from K98 with our measured radio sizes shows
the former to be 2− 5× larger, with an average value of
∼ 3.3. The approach of utilizing radio continuum maps
provides a more uniform way to determine the SFRs as
well as the sizes of the actively star forming regions for
a variety galaxy types.
The ideal way to derive disk-averaged surface densi-
ties of molecular and dense molecular gas is to measure
them directly from CO and HCN maps. Unfortunately,
this is impractical for large sample of galaxies at the mo-
ment owing to the limited sensitivity and weakness of
HCN emission. The strategy adopted here is to use our
measured RC sizes as an estimate of the spatial extent
of the molecular gas as well. This is a reasonable as-
sumption since CO and HCN are known to trace SF in
our own Galaxy (Wu et al. 2005) and in external galax-
ies (Murgia et al. 2002; Iono et al. 2009), and so should
be tightly correlated with RC which is itself a tracer of
ongoing formation of massive stars (Liu & Gao 2010).
Indeed, morphological similarities between RC and the
molecular gas has not only been found in normal spiral
galaxies (Crosthwaite et al. 2002; Schuster et al. 2007)
and (U)LIRGs (Condon et al. 1991; Downes & Solomon
1998; Murgia et al. 2005; Tacconi et al. 2006), but also
in early type galaxies (Lucero & Young 2007).
Comparing the radio sizes of a subsample of 81 galaxies
with their CO sizes collected from the literature, a quite
good agreement was found (Fig. 1). CO sizes differ from
RC sizes within a factor ∼ 2 − 3, with an average ratio
of ∼ 1.1. The CO sizes were derived from: (1) inter-
ferometry measurements (e.g., Bryant & Scoville 1999;
Regan et al. 2001; Iono et al. 2009); (2) single-dish maps
(e.g., Leroy et al. 2009; Chung et al. 2009b); (3) the ob-
servations along the major and/or minor axes of the disks
(e.g., Young et al. 1995) in literature. The good correla-
tion between RC size and CO size indicates that the RC
traces the global CO emission reasonably well. However,
we notice that the CO sizes seem to be systematically
larger than the RC sizes at the low end (Fig. 1) which
could be due to CO also tracing diffuse non-SF gas as
suggested above. In extremely compact starbursts, the
typical size scale of SF is much smaller than ∼ 1 kpc.
Fig. 1.— CO size vs. RC size for 81 galaxies in our sample. The
distribution of CO and RC sizes generally scale linearly (dashed
line). This indicates that the RC and CO emission generally trace
each other well. The sizes of normal disk galaxies span a range
of ∼ 1− 15 kpc, while ULIRGs are much more compact with size
≤ 1.5 kpc. At the low end, the CO sizes seem to be systematically
larger than the RC sizes, suggesting CO could also trace diffuse
molecular gas that is not actively forming stars.
The SFRs were inferred in two independent ways,
namely from the IR luminosities and the rest-frame
1.4 GHz luminosities derived in § 2.2.4. To this end
we adopted the luminosity-SFR calibrations provided
by Bell (2003) which account for the reduced effi-
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ciency of IR and radio emission in low-luminosity galax-
ies (i.e., the IR and radio emission underestimate the
SFRs of low-luminosity galaxies) (Price & Duric 1992;
Wang & Heckman 1996). We describe the detailed for-
mulas for calculating SFRs in Appendix A.4. Overall,
the IR- and RC-based SFRs were in agreement ( see Ap-
pendix A.4 for details) and we shall use the IR-based
values in the following. But some examples of SF laws
derived by adopting RC-based SFRs were given in Ap-
pendix A.4. The resulting deconvolved major axes, as
well as surface densities for atomic gas, molecular gas,
total gas, dense molecular gas and IR/RC-based SFRs
are given in Table 2.
4. RESULTS
The surface densities of molecular, total gas, dense
molecular gas and SFRs are derived by the formula Σ =
Integrated Value
2pir2RC
, where rRC is the deconvolved HWHM
along the major axis of the RC maps (see Table 2) to
account for the galaxy inclination to first order. The
factor 1/2 is introduced to provide a better estimate of
observed surface densities over galaxies.
A realistic estimate of the uncertainty on the observed
CO/HCN/IR/RC fluxes is ∼ 30%. However, consider-
ing the additional uncertainties in the calibrations that
convert observed fluxes to physical quantities (i.e., lumi-
nosities, SFRs, and gas masses) as well as measurement
errors in radio sizes, we adopted a systematic uncertainty
of 50% (i.e., 0.22 dex) on the final surface densities of
SFR and gas. To compute the linear regression between
surface densities of SFRs and gas we used the publicly
available Bayesian Markov Chain Monte Carlo (MCMC)
IDL routine linmix err (Kelly 2007), which accounts for
measurement errors in the x and y variables, upper limits
and intrinsic scatters.
We fit our SF laws with three parameters: power-law
index N, normalization A and intrinsic scatter ǫ. The
functional of form is: logΣSFR = N logΣgas+A+N (0, ǫ),
where N (0, ǫ) is introduced as a logarithmic deviation
from the power law, drawn from a normal distribution
with zero mean and standard deviation ǫ. The intrin-
sic scatter ǫ is caused by genuine differences in the SF
properties of our galaxies, yet the conservative system-
atic errors (50%) adopted prevent us from extracting this
information (i.e., the fit returns ǫ ∼ 0).
For the sake of convenience we shall refer to “surface
density” as “density” for the remainder of the paper.
4.1. ΣH I vs. ΣSFR
Fig. 2 shows the distribution of ΣSFR versus ΣH I for
the 95 normal disk galaxies with H I density measure-
ments from 21 cm maps (see § 2.2.1). We find there is
no correlation between the globally averaged densities of
SFRs and H I in disk galaxies. The values of ΣH I stays
within a fairly small range (≤ 2 dex), while ΣSFR spans
more than 4 orders of magnitude (∼ 5 dex).
Another feature in Fig. 2 is that the H I density satu-
rates at a maximum value of about 25 M⊙ pc
−2 (indi-
cated by the dashed line). A similar cutoff in H I density
was also seen in the studies on spatially resolved SF law
(Wong & Blitz 2002; Kennicutt et al. 2007; Bigiel et al.
2008). The saturation in H I density may indicate a tran-
sition from atomic to molecular gas where at increasing
Fig. 2.— ΣSFR vs. ΣH I for the 95 normal disk galaxies with H I
measurements. Filled circles indicate galaxies for which ΣH I was
derived by averaging total H I mass over H I size, while triangles
show galaxies where ΣH I was determined by averaging H I mass
within the RC size (see § 2.2.1). The plot shows no correlation
between ΣSFR and ΣH I. The dashed line indicates the maximum
H I surface density of 25 M⊙ pc−2 found in our sample.
column densities, the cold atomic gas habors regions that
are able to self-shield against photo-dissociation by the
interstellar radiation field (ISRF) and thus allow H2 to
form (Krumholz et al. 2008, 2009).
4.2. ΣH2 vs. ΣSFR
4.2.1. Fixed αCO
Fig. 3 (a) shows the relation between ΣSFR and ΣH2
on a logarithmic scale for all galaxies in our sam-
ple, where a fixed Galactic CO-to-H2 conversion factor
(αCO) value of 4.6 M⊙ (K km s
−1 pc2)−1 was adopted
(Young & Scoville 1991). Taken together, the normal
disks and (U)LIRGs span a dynamic range of approxi-
mately 106 in SFR and molecular gas densities. There is
a strong correlation between ΣSFR and ΣH2 and a Spear-
man rank correlation test gives a correlation coefficient
of 0.96. Fitting the power law relation using linmix err
to the data (with associated uncertainties of 50%) yields
N = 1.14 ± 0.02 and A = −3.16 ± 0.06 (solid line in
Fig. 3 (a)). The rms scatter of the data around this
best-fit line is ∼ 0.40 dex. Fitting to disk galaxies and
(U)LIRGs separately yields slopes of N = 0.97±0.04 and
N = 1.12 ± 0.04, respectively. The scatter of the data
around these best fit lines is significantly larger for the
disk galaxies (∼ 0.41 dex) than for the (U)LIRGs (∼ 0.22
dex). This is partly due to the shallower ΣSFR - ΣH2 re-
lation at low densities, where the (formal) ΣSFR-to-ΣH2
ratios exceed that expected from the best fit.
4.2.2. Varying αCO
In the following, we examine the SF law obtained when
adopting a varying, rather than a fixed, CO-to-H2 con-
version factor. Our first approach is to adopt a conver-
sion factor of 0.8 M⊙ (K km s
−1 pc2)−1 for (U)LIRGs
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(Downes & Solomon 1998), but maintaining the Galac-
tic value for normal disk galaxies. As a result, normal
galaxies and (U)LIRGs split up into two distinct ΣSFR
vs. ΣH2 relations as shown in Fig. 3 (b). The fitted slopes
for each sub-sample, i.e., normal galaxies and (U)LIRGs,
do not change, but the normalization (A) for (U)LIRGs
increases by ∼0.8 dex, indicating the increased SF effi-
ciencies in these systems.
Our second approach is to adopt continuously vary-
ing αCO-values based on the modeling results by
Narayanan et al. (2012) who parametrizes αCO as a
function of CO line intensity and metallicity (see their
eq. 11). Assuming a constant metallicity Z = 1
for all our galaxies, we found αCO values in the
range 3.5 − 6.3 M⊙ (K km s
−1 pc2)−1 for the low-
luminosity galaxies, 2.0 − 5.0 M⊙ (K km s
−1 pc2)−1
for normal spirals and 0.3 − 3.0 M⊙ (K km s
−1 pc2)−1
for (U)LIRGs. The resulting ΣSFR-ΣH2 relation is
shown in Fig. 3 (c) and is seen to be significantly
steeper (N ≃ 1.6) compared to the relations in Fig.
3 (a) and (b). A best-fit power-law to the full sam-
ple yields a unimodal ΣSFR-ΣH2 relation of the form:
logΣSFR = (1.60± 0.03) logΣH2 − (4.11± 0.09).
4.3. Σgas vs. ΣSFR
The total gas density Σgas is the sum of atomic gas
density ΣH I and molecular gas density ΣH2 . When ΣH I
data were unavailable (which was the case for a few nor-
mal galaxies), we took ΣH2 as a lower limit on Σgas. For
(U)LIRGs, the atomic gas content is often negligible com-
pared with the molecular gas, and we set Σgas ≃ ΣH2 .
Fig. 4 (a-c) shows ΣSFR vs. Σgas, where a uniform, bi-
modal and continuous αCO has been adopted, respec-
tively.
We derive the following best-fits to the data:
uniform αCO:
ΣSFR=10
−3.56±0.06Σ1.24±0.02gas (disks + (U)LIRGs)(1)
bi-modal αCO:
ΣSFR=10
−3.46±0.09Σ1.15±0.04gas (disks) (2)
ΣSFR=10
−2.12±0.13Σ1.12±0.04gas ((U)LIRGs) (3)
ΣSFR=10
−3.73±0.11Σ1.46±0.04gas (disks + (U)LIRGs)(4)
continuous αCO:
ΣSFR=10
−4.61±0.09Σ1.75±0.03gas (disks + (U)LIRGs)(5)
The scatter of the data around the above best-fit rela-
tions are ∼ 0.36 dex, ∼ 0.62 dex (disks+(U)LIRGs), and
∼ 0.43 dex, respectively.
The ΣSFR is a steeper function of total gas density
Σgas than that of molecular gas density ΣH2 . This is
mainly owing to the increasing fraction of atomic gas
towards lower luminosity galaxies. At the high den-
sity end (mostly populated by molecular-rich spirals and
(U)LIRGs), the ISM is largely molecular and ΣSFR−Σgas
essentially follows the ΣSFR − ΣH2 relation.
4.4. Σdense vs. ΣSFR
Fig. 5 shows ΣSFR vs. Σdense, where Σdense was derived
for our compiled HCN sample of 128 galaxies adopting
a constant Galactic HCN− to−Mdense conversion fac-
tor (αMWHCN) value of 10 M⊙ (K km s
−1 pc2)−1. One can
Fig. 3.— ΣSFR vs. ΣH2 in the cases where (a) a single (Galactic)
αCO=4.6 value has been applied to the entire sample; (b) separate
values of αCO = 4.6 and 0.8 were applied to disk and (U)LIRGs,
respectively, and (c) a continuously varying αCO was applied.
clearly see a very tight ΣSFR-Σdense correlation spanning
more than ∼ 6 orders of magnitude in density and we
find a best-fit log-linear relation of:
logΣSFR = (1.01± 0.02) logΣdense − (1.82± 0.05). (6)
A Spearman rank correlation test yields a correlation co-
efficient of ∼ 0.99. The dispersion in the ΣSFR-Σdense re-
lation (∼ 0.32 dex) is smaller than the relations between
densities of SFRs and other gas components (atomic,
molecular, and total gas).
We find a linear SF law (N = 1.01± 0.02) in terms of
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Fig. 4.— ΣSFR vs. Σgas in the cases where (a) a single (Galactic)
αCO=4.6 value has been applied to the entire sample; (b) separate
values of αCO = 4.6 and 0.8 were applied to disk and (U)LIRGs,
respectively, and (c) a continuously varying αCO was applied. We
took values of ΣH2 as lower limits on Σgas in the cases where ΣHI
were unavailable. The ΣSFR-Σgas relations generally follow the
ΣSFR-ΣH2 relations, but exhibiting steeper slopes.
dense molecular gas, in agreement with the tight linear
relation found between LIR and LHCN (GS04a,b). Scaling
the dense molecular gas mass and SFRs by our measured
RC disk sizes does not change the slope of the LIR-LHCN
correlation since this relation is essentially exactly linear.
Fitting to spiral galaxies and (U)LIRGs separately
(each constituting about half of the HCN sample), we
derive identical ΣSFR−Σdense relations within the errors,
both in terms of the slope (N) and the overall normal-
ization (A): N = 0.98 ± 0.05 (N = 0.96 ± 0.04) and
A = −1.84± 0.06 (A = −1.57± 0.10) for normal spirals
((U)LIRGs).
Fig. 5.— Σdense vs. ΣSFR for our sample. The Σdense - ΣSFR
relation is the tightest one among all correlations, and it is linear
(N=1.01 ± 0.02). Fitting to normal galaxies and (U)LIRGs sepa-
rately yields identical linear correlation within the uncertainties.
So far, we have only presented the results of the var-
ious SF laws related to IR-based SFRs. As mentioned
above, we derived our SFRs in two independent ways
using both IR and RC data. Excellent agreement were
found between the two SFRs estimators, and using one
over the other, therefore, did not alter our results in any
significant way. Further details on the various SF laws
related to RC-based SFRs are given in the Appendix A.4.
5. DISCUSSION
5.1. Deviations from the molecular gas SF law
An interesting finding in our global ΣSFR - ΣH2 rela-
tion is the higher IR-to-CO ratios exhibited by less mas-
sive, low-luminosity galaxies compared with normal spi-
rals (Fig. 3). These galaxies have ΣH2 ≤ 10 M⊙ yr
−1
and deviate significantly from the derived ΣSFR - ΣH2
relations for whole sample (see solid lines in Fig. 3).
These low-luminosity galaxies are usually atomic gas
dominated and metal-poor (Sadler et al. 2000; Sadler
2001). The higher IR-to-CO ratios in these galaxies
may be due to systematic underestimates of their total
molecular gas mass as the adopted αCO are too small
for these systems. In low-metallicity environments, pho-
todissociation destroys CO more easily, whereas the H2
can self-shield more effectively (Narayanan et al. 2012)
so that the αCO tends to be larger than the Galactic
value and increases with decreasing metallicity and dust-
to-gas ratio (e.g., Boselli et al. 2002; Leroy et al. 2011;
Krumholz et al. 2011; Rahman et al. 2012; Bolatto et al.
2011, 2013). Although a continuously varying αCO
was introduced in our analysis, as we assumed constant
metallicity Z = 1 (§ 4.2.2) we could still underestimate
their molecular gas mass.
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Alternatively, we note that, some low-luminosity galax-
ies may indeed exhibit higher SFE than large spi-
ral galaxies (Gardan et al. 2007; Gratier et al. 2010;
Schruba et al. 2011; Saintonge et al. 2012; Leroy et al.
2013). Minor starburst events in these systems
(Saintonge et al. 2012), or suppression of SF in large spi-
ral galaxies by dynamical effects (Leroy et al. 2013), are
possible explanations.
At the high density end of Fig. 3, where mostly
(U)LIRGs (mergers) reside, the molecular SFE goes up
again as the plot turns steeper in these regimes. In these
galaxy mergers, the observed αCO are suggested to be
much lower (by a typical factor of ∼ 2 − 10) than the
normal galaxies because the rise in velocity dispersion
and kinetic temperature in GMCs during the merger in-
creases the CO intensity (Narayanan et al. 2011). The
ΣSFR - ΣH2 relation derived by using bimodal αCO clearly
display the higher ΣSFR-to-ΣH2 ratios of (U)LIRGs than
that of normal spirals, showing two distinct regimes, one
for normal galaxies and one for starbursts (see Fig. 3
(b)). It appears to be similar to the bi-modal relations
found from high-z CO observations, where two differ-
ent αCO conversion factors were used (Daddi et al. 2010;
Genzel et al. 2010; Ivison et al. 2011; Riechers 2012).
The trend that (U)LIRGs have higher molecular SFE
is even more obvious as a continuously varying αCO was
adopted. We found a unimodal ΣSFR-ΣH2 relation with
a clearly super-linear power-law index (N = 1.60± 0.03,
see Fig. 3 (c)). It is worth noting here that a metallic-
ity dependence would further steepen this fit. We no-
ticed that this power law relation is comparable to that
derived by Bouche´ et al. (2007) which obtained a uni-
versal SF law for a sample of local and high-z galaxies
(logΣSFR = (1.7± 0.05) logΣH2 + (−4.03± 0.10)). We
tend to believe that αCO varies continuously rather than
in a bi-model way because there should be no clear
boundary between starbursts and disk spirals. Our RC
images show that some normal galaxies exhibit strong
compact starburst regions in the center which are com-
parable to many LIRGs (such as NGC253, NGC1097 and
NGC3504). As a consequence, the derived densities for
disk galaxies and (U)LIRGs show an overlapping region
up to two orders of magnitude (see Fig. 3 & Fig. 4). It is
thus natural to expect the αCO varies continuously from
normal disks to (U)LIRGs as well. A super-linear power
law index of ∼ 1.6 derived here suggested a density-
dependent SFE.
Although the result is sensitive to the αCO conversion
factor, we still get a general picture of SF law in molecu-
lar gas: in disk galaxies with 10 < ΣH2 < 100 M⊙ pc
−2,
where molecular gas dominates and is gravitationally
bound to GMCs with approximately uniform proper-
ties, the ΣSFR is roughly linear proportional to ΣH2 .
The value of ΣH2 ∼ 100 M⊙ pc
−2 is the characteristic
density of individual giant molecular clouds (GMCs).
In starburst galaxies (mostly (U)LIRGs) with ΣH2 >
100 M⊙ pc
−2, where supersonic turbulence is known to
be a dominant process controlling SF, the ΣSFR-ΣH2 rela-
tion appears considerably steeper than linear, implying
an increasing molecular SFE. In low-luminosity galax-
ies with ΣH2 < 10 M⊙ pc
−2, where atomic gas domi-
nates ISM, the ΣSFR-ΣH2 relation show visibly increasing
galaxy-to-galaxy scatter and higher IR-to-CO ratios.
5.2. The role of atomic gas and SF law for total gas
We found there is no correlation between ΣSFR and
ΣH I (see Fig. 2). We can even see the discrepancy be-
tween the morphologies of SFR and atomic gas from RC
maps and H I maps, that some galaxies show central H I
depressions where significant SF is still occurring. More
detailed studies on local scales showed little or no cor-
relation between ΣSFR and ΣH I as well (Wong & Blitz
2002; Kennicutt et al. 2007; Bigiel et al. 2008).
The H I saturation value of ∼ 25 M⊙ pc
−2 found in
our study coincides with the maximum H I value de-
rived from Kennicutt et al. (2007) studying the spa-
tially resolved SF law in M51 on ∼500 pc scale, but
is higher than the value of ∼ 10 M⊙ pc
−2 found by
Wong & Blitz (2002) and Bigiel et al. (2008). We sup-
posed this may due to the larger range of metallicity
in our sample, given the result by theoretical model-
ing that the characteristic column density of the transi-
tion from atomic to molecular gas increases with metal-
licity, and is around ∼ 10 M⊙ pc
−2 at solar metallicity
(Krumholz et al. 2009).
Although atomic gas itself shows no correlation with
SFR, but it still plays important role in regulating the
SF law of total gas. The combined density of atomic
and molecular gas, i.e., the total gas density Σgas, shows
a steeper function with ΣSFR than molecular gas den-
sity ΣH2 . This is mainly due to the increasing fraction
of atomic gas towards lower luminosity galaxies. An in-
teresting question is whether total gas density Σgas or
molecular gas density ΣH2 correlates better with the star
formation ΣSFR. That is which of the ΣSFR - ΣH2 and
ΣSFR - Σgas relations might be more fundamental. Some
works asserted that the good correlation between ΣSFR
and Σgas is driven by the molecular gas SF law and the
ratio of molecular to atomic hydrogen (Wong & Blitz
2002; Bigiel et al. 2008; Blanc et al. 2009). In this pic-
ture, molecular clouds are first formed from H I, and stars
are then formed exclusively from molecular gas. On the
contrary, some other works claimed that it is the gas
phases as a whole feeds the SF activity. Where the gas is
predominantly molecular in most of spiral galaxies and
(U)LIRGs, the correlation of ΣSFR with ΣH2 could be
only a manifestation of the underlying correlation of the
ΣSFR with Σgas (Kennicutt et al. 2007; Fumagalli et al.
2009). Our work shows that at the density regimes
with ΣH2 > 10 M⊙ pc
−2, the ΣSFR correlates equally
well with total gas Σgas and molecular gas ΣH2 . While
at the low density regime where ΣH2 < 10 M⊙ pc
−2, we
can see that the scatter in the ΣSFR - Σgas relation is
significantly smaller (with scatter ∼ 0.43 dex, see Fig.
3) than that in the ΣSFR - ΣH2 relation (with scatter
∼ 0.55 dex, see Fig. 4). This may indicate that there
could be some other parameter apart from the molecu-
lar gas content that determines the SFRs for galaxies,
at least in low-luminosity galaxies, and atomic gas may
have indirect effect on SF.
Several investigations of the total gas SF law
have found a threshold in the gas surface density
(Σgas ∼ 5− 10 M⊙ pc
−2) below which the SFR declines
rapidly and SF is strongly suppressed (Kennicutt 1998;
Martin & Kennicutt 2001; Leroy et al. 2005; Kennicutt
2008). These thresholds are mostly observed in galax-
ies like dwarf galaxies and low surface brightness (LSB)
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galaxies (Leroy et al. 2005; Wyder et al. 2009). As most
of our galaxies have total gas density larger than the
characteristic threshold value of ∼ 10 M⊙ pc
−2 (with
less than 10 galaxies having ΣSFR under this value), we
do not find a clear threshold in our sample.
5.3. SFRs vs dense gas
The tightest relation (with scatter of∼ 0.32 dex) in our
results is the linear relation between ΣSFR and Σdense.
We fit the normal galaxies and (U)LIRGs separately and
find both the power indices are close to unity. Therefore,
the tight linear correlation between Σdense and ΣSFR is
established within the whole sample of galaxies, indepen-
dent of IR luminosity.
In contrast, Garc´ıa-Burillo et al. (2012) suggested a
two-function power law in terms of dense molecular gas
SF law, which claimed a higher slope in (U)LIRGs (1.05±
0.05) than normal galaxies (0.90±0.06). We noticed that
Garc´ıa-Burillo et al. (2012) adopted a bi-modal HCN-to-
Mdense conversion factor αHCN, that αHCN is ∼ 3 times
lower in (U)LIRGs. To test the effect of this varying
αHCN on the dense gas SF law, we applied a value of
1/2αMWHCN to LIRGs (10
11L⊙ ≤ LFIR ≤ 10
12L⊙) and a
value of 1/3αMWHCN to (U)LIRGs (LFIR ≥ 10
12L⊙). In this
case, we found the power-index of ΣSFR-Σdense relation
is only slightly changed from 1.01± 0.02 to 1.09± 0.02.
The slopes fitted for normal galaxies and (U)LIRGs sep-
arately are 0.98±0.05 and 0.97±0.03, respectively, agree-
ing well with each other within errors.
We notice that Garc´ıa-Burillo et al. (2012) utilized
sizes of the star forming regions determined from op-
tical/NIR images of hydrogen recombination lines (Hα
and Paα), which suffer from heavy dust extinction espe-
cially in the dense H II regions in starbursts. We find
that the Hα/Paα sizes of Garc´ıa-Burillo et al. (2012) are
roughly 2 − 4× smaller than our RC sizes for the same
luminous infrared galaxies. We suspect that this could
be the main reason to cause the discrepancy between
their results with ours. Besides, the (U)LIRGs sam-
ple of Garc´ıa-Burillo et al. (2012) includes also high-z
galaxies (mostly QSOs), whose IR luminosities are likely
to be contaminated by AGNs. This could be another
reason for the steeper slope of (U)LIRGs found in their
work. Another factor that might affect ΣSFR/Σdense is
the FIR 60-to-100 µm color [C(60/100)]. GS04b found a
weak correlation between LIR/LHCN and the FIR color,
which indicated that the warm dust temperature Tdust
also plays a role in the ratio of SFRs-to-dense gas. More
details related to FIR 60-to-100µm color are given in the
Appendix C.
5.4. Toward a better understanding of SF law
Recent studies of spatially resolved SF laws in nearby
star forming galaxies at scales of ∼ 1 kpc or less
found linear ΣSFR-ΣH2 relations with typical scatter
in the range 0.2 − 0.3 dex (Kennicutt et al. 2007;
Blanc et al. 2009; Rahman et al. 2011; Verley et al.
2010; Bigiel et al. 2008, 2011; Schruba et al. 2011;
Rahman et al. 2012). This includes azimuthally-
averaged studies (Wong & Blitz 2002; Murgia et al.
2002; Schuster et al. 2007) and pixel-by-pixel anal-
yses (Kennicutt et al. 2007; Bigiel et al. 2008, 2011;
Leroy et al. 2008, 2013; Schruba et al. 2012).
Although this study examines globally-averaged prop-
erties , our sample spans a larger range (∼ 106) in den-
sities of both SFR and molecular gas than previous re-
solved studies (∼ 102−4). We found an approximately
linear ΣSFR-ΣH2 relation as well (using constant αCO).
However, we found much larger scatter in our derived
global ΣSFR-ΣH2 relations (with scatter ∼ 0.40 dex), es-
pecially toward low luminosity end where atomic gas H I,
rather than H2, is dominated in the disks of galaxies
(with scatter ∼ 0.55 dex, see Fig. 3 & 4). This discrep-
ancy implies that the scatter in the observed relations
between ΣSFR and ΣH2 is mainly driven by galaxy-to-
galaxy variations, particularly reflected in low-luminosity
galaxies which have low-metallicity and are dominated by
atomic gas. Indeed, Schruba et al. (2011), which studied
the spatially resolved ΣSFR-ΣH2 relation in the atomic
gas dominated regime in nearby galaxies using stacking
technique, found a much larger scatter in ΣSFR-ΣH2 re-
lation compared with previous studies on molecular gas
rich regions. But once the galaxy-to-galaxy scatter was
removed, they found a remarkably tight, linear ΣSFR-ΣH2
relation (with scatter around ∼ 0.25 dex).
It is interesting to discuss why the global ΣSFR-ΣH2 re-
lation exhibits much larger scatter than the resolved rela-
tions. The dispersion of αCO values among different type
of galaxies seems to be usually larger than that within a
single galaxy. A generally flat profile of αCO as a function
of galactocentric radius was observed (except that the
central αCO value with ∼ 1 kpc can be a few of factors
below) (Sandstrom et al. 2013; Narayanan et al. 2012).
Secondly, some part of the global scatter could be phys-
ically real, possibly reflecting the unknown plane thick-
ness variation, different stellar mass, dust abundances,
metallicity and SF histories from galaxy to galaxy, or
any further parameters that are important in setting
the global SFRs. Another important reason could be
that the global molecular gas measurements contain dif-
fuse molecular gas - meaning unbound material and the
low density outskirts of bound clouds - that extend over
whole disks (∼ kpc) which however could be easily re-
solved out by the studies at sub-kpc scale as they often
adopted high-resolution interferometry measurements .
Since this global diffuse molecular gas is not directly as-
sociated with SF activity, we thus see a weaker ΣSFR-ΣH2
correlation in our global studies.
Several studies in literature have derived a variety
of power-law indices for the ΣSFR-ΣH2 relation, rang-
ing from N < 1 (e.g., Blanc et al. 2009), N ∼ 1 (e.g.,
Wong & Blitz 2002; Bigiel et al. 2008), N ∼ 1.3 − 1.5
(K98; Kennicutt et al. 2007; Schruba et al. 2010) to N ∼
1.7− 2.0 (Bouche´ et al. 2007; Verley et al. 2010). A con-
tributing factor to the wide range of observed power-law
indices stems from the different scales over which sur-
face densities have been inferred (i.e., global scales, radial
profiles, and pixel-by-pixel). Within the same individual
galaxy, the resolved ΣSFR-ΣH2 relation may depend on
the averaging aperture size on small scales (≤ 300 pc)
(Schruba et al. 2010; Verley et al. 2010; Calzetti et al.
2012). Another contributing factor is the differences in
estimators of SFR and SF size adopted across various
studies since they directly affect the densities and thus
the derived SF laws. Finally, our work clearly shows that
the ΣSFR-ΣH2 relation is sensitive to the application of
αCO.
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Furthermore, the choice and weighting of sample data
also plays a significant role in the resulting power indices
of SF laws. Previous studies on sub-kpc scale demon-
strated that the ΣSFR - ΣH2 relation is roughly linear
in the regime 10 < ΣH2 < 100 M⊙ pc
−2 where nor-
mal spiral galaxies are found, and gets super-linear in
the regime ΣH2 > 100 M⊙ pc
−2 of starburst galaxies
(e.g., Bigiel et al. 2008; Leroy et al. 2013). Our stud-
ies on global scales found a similar trend using, for the
first time, RC observations. In fact, we find that the
slopes of ΣSFR - ΣH2 relation change from ∼ 1.0 to ∼ 1.2
when more and more (U)LIRGs are included (when a
uniform αCO was used). That is the larger weight to the
(U)LIRGs sample or the data with ΣH2 > 100 M⊙ pc
−2,
the steeper slopes in SF laws related to molecular gas
and total gas. This may imply a density-dependent SF
efficiency of gas, i.e., the higher density exhibits higher
SF efficiency. A similar trend was also pointed out by
GS04b, which studied the global IR-CO luminosity cor-
relation of local (U)LIRGs. The studies of high-z galaxies
indicate a similar behavior as well (Bouche´ et al. 2007;
Daddi et al. 2010; Bothwell et al. 2010).
Our work showed that the linear ΣSFR-Σdense relation
is independent of the galaxy sample and IR luminosity,
so that the dense SF law can be described by a univer-
sal one-function law across all galaxy types. Not only
at global scales does the SFR density exhibit a tight and
linear correlation with the dense gas density as showed in
our work, the HCN surveys of Galactic dense cores and
dense clumps even extend the linear luminosity correla-
tion down to GMC scales (Wu et al. 2005, 2010). As we
adopted lower αHCN for (U)LIRGs (1/3− 1/2α
HCN
MW ), the
slope is only slightly changed and still close to unity. The
luminosities of other dense gas tracer such as HNC(1-0),
HCO+, CN(2-1) and CS(3-2) were observed to vary lin-
early with LFIR as well (Baan et al. 2008; Zhang et al.
2014).
6. SUMMARY
We have examined the relations between the galaxy-
averaged surface densities of the various gas compo-
nents (atomic, molecular, total gas and dense molec-
ular gas) and SFR in a sample of 181 local galaxies
with IR luminosities spanning ∼ 5 orders of magnitude
(107.8 − 1012.3 L⊙). We have taken a novel approach and
used high-resolution radio continuum observations to ac-
curately measure the sizes of the areas of active star for-
mation within the galaxies – a key step as it directly
affects the inferred gas and SFR surface densities.
We found there is no correlation between ΣSFR and
ΣH I, and that ΣH I does not exceed a maximum value of
∼ 25 M⊙ pc
−2. We have explored the ΣSFR-ΣH2 rela-
tion for different values of the αCO factor. Adopting a
Galactic αCO to all galaxies, a roughly linear power-law
index (N = 1.14 ± 0.02) was found. If a more realis-
tic αCO-value [0.8M⊙ (K km s
−1 pc2)−1] is applied to
the (U)LIRGs in our sample the result is a bimodal SF
law, i.e., two nearly linear ΣSFR-ΣH2 correlations, indi-
cating that separate SF modes might exist for (U)LIRGs
and disk galaxies. A unimodal, but significantly steeper
(N = 1.62 ± 0.04), ΣSFR-ΣH2 relation is recovered if a
continuously-varying αCO conversion factor is applied.
The global ΣSFR shows steeper functions of total gas
density Σgas than those of ΣH2 (the slopes depend on
the αCO as well), and are tighter than ΣSFR-ΣH2 rela-
tion among low-luminosity galaxies. The dense molec-
ular gas density Σdense shows the best correlation with
ΣSFR, which is exactly linear with index N = 1.01±0.02.
Fitting the normal galaxies and (U)LIRGs separately
yields the same linear slopes.
Out of these results the following picture emerges. The
SF is more directly related to molecular gas than atomic
gas. But the seeming roughly linear relation of ΣSFR-ΣH2
can easily gets super-linear as a varying-αCO was adopted
and the number of (U)LIRGs increases. The fact that the
low-luminosity galaxies lie significantly above the ΣSFR-
ΣH2 relation derived for whole sample suggest there could
be some other parameter apart from the molecular gas
content that determines the SF in these galaxies. Unlike
the molecular SF law, the linear ΣSFR-Σdense relation
is independent of the choice of sample (thus galaxy lu-
minosity) and the adopted αHCN factor, suggesting the
basic units of SF in galaxies are in dense cores.
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TABLE 1
Luminosities
Name D LCO LHCN LIR LRC Ref. Name D LCO LHCN LIR LRC Ref.
Normal Galaxies
NGC 0134 21.38 3.76 0.4 10.62 3.48 13, 21, 36, 44 NGC 0174 49.74 12.81 1.8 10.93 3.58 13, 21, 36, 50
NGC 0253 4.11 15.26 0.66 10.69 5.13 2, 20, 36, 43 NGC 0520 30.59 28.84 0.62 10.92 13.31 3, 29, 36, 42
NGC 0598 0.81 0.06 . . . 9.04 -6.14 3, 36, 42 NGC 0628 10.55 6.99 . . . 9.99 -4 6, 36, 42
NGC 0660 12 10 0.17 10.47 0.35 3, 20, 36, 42 NGC 0772 34.52 46.93 . . . 10.61 3.85 3, 36, 42
NGC 0891 9.17 7.68 0.22 10.33 0.65 1, 20, 36, 48 NGC 0925 9.1 1.94 . . . 9.39 -5.94 3, 36, 48
NGC 0931 67.26 0.66 1.85 10.85 0.8 14, 24, 40, 44 NGC 1022 19.48 3.13 0.15 10.35 -4.18 1, 20, 36, 44
NGC 1055 13.63 10.09 0.24 10.25 -1.83 1, 20, 36, 42 NGC 1058 8.8 0.3 . . . 8.93 -6.31 8, 37, 42
NGC 1097 16.87 4.68 . . . 10.71 7.73 9, 36, 46 NGC 1266 29.7 13.64 0.52 10.48 5.53 16, 34, 36, 52
NGC 1530 37.01 16.08 0.53 10.71 4.63 3, 29, 36, 42 NGC 1569 4.11 0.02 . . . 9.39 -5.67 3, 36, 42
NGC 1667 61.83 16.64 6.83 10.97 28.27 14, 24, 36, 44 NGC 1808 12.56 6.63 0.7 10.71 3.4 11, 21, 36, 46
NGC 2273 28.54 0.76 0.21 10.25 -1.04 14, 24, 36, 49 NGC 2276 36.96 9.78 0.38 10.83 41.47 1, 20, 36, 42
NGC 2403 4.11 0.22 . . . 9.4 -5.96 3, 36, 42 NGC 2764 41.36 6.17 0.1 10.33 -3.76 16, 34, 41, 52
NGC 2841 13.42 8.24 . . . 9.72 -4.62 3, 38, 42 NGC 2903 8.53 5.16 0.15 10.22 -2.54 6, 20, 36, 42
NGC 2976 4.11 0.25 . . . 8.92 -6.3 3, 36, 42 NGC 3031 4.11 0.47 . . . 9.57 -5.63 9, 36, 42
NGC 3032 25.22 1.45 0.04 9.67 -5.9 15, 32, 41, 52 NGC 3079 19.51 29.68 1.22 10.79 30.98 1, 20, 36, 43
NGC 3147 43.05 61.65 0.64 10.93 15.78 3, 29, 36, 42 NGC 3310 17.06 1 . . . 10.47 0.74 3, 36, 42
NGC 3338 19.12 1.7 . . . 9.67 -5.12 3, 37, 42 NGC 3351 8.71 2.8 . . . 9.71 -6.01 2, 36, 42
NGC 3368 10.42 1.62 . . . 9.54 -5.98 3, 36, 42 NGC 3486 8.41 0.83 . . . 9.22 -5.94 3, 36, 42
NGC 3504 26.36 10.89 0.64 10.69 16.38 2, 25, 36, 42 NGC 3521 8.28 13.27 . . . 10.12 -3.47 2, 36, 42
NGC 3556 12.09 3.69 0.1 10.24 -1.44 1, 20, 36, 42 NGC 3620 19.18 5.15 0.66 10.67 0.16 13, 21, 36, 51
NGC 3627 7.34 5.9 0.05 10.1 -3.48 1, 20, 36, 42 NGC 3628 8.67 8 0.28 10.12 -2.17 1, 20, 36, 43
NGC 3631 20.22 10.99 . . . 10.23 -2.29 2, 36, 42 NGC 3665 34.83 2.56 0.12 9.97 4.34 16, 34, 41, 52
NGC 3675 11.72 4.84 . . . 9.85 -5.64 3, 36, 42 NGC 3726 14.02 3.46 . . . 9.75 -5.51 3, 36, 42
NGC 3893 16.38 4.11 0.29 10.2 -1.94 1, 20, 36, 42 NGC 3938 12.4 3.47 . . . 9.78 -5.23 10, 36, 42
NGC 4030 20.14 18.65 0.66 10.47 1.07 1, 20, 36, 42 NGC 4038 21.1 12.52 0.16 10.82 7.31 3, 21, 36, 44
NGC 4041 21.57 8.31 0.23 10.38 -0.67 3, 20, 36, 42 NGC 4150 4.11 0.01 . . . 7.85 -6.4 15, 32, 41, 52
NGC 4178 19.36 0.55 . . . 9.53 -5.04 3, 37, 42 NGC 4189 20.06 2.46 . . . 9.71 -5.54 3, 37, 42
NGC 4254 16.3 18.39 . . . 10.59 6.96 4, 36, 42 NGC 4258 6.85 3.08 . . . 9.67 -3.64 10, 39, 42
NGC 4294 19.19 0.36 . . . 9.59 -5.47 3, 37, 42 NGC 4299 15.9 0.25 . . . 9.4 -5.88 3, 37, 42
NGC 4303 19.8 18.41 . . . 10.73 14.43 4, 36, 42 NGC 4321 19.47 22.16 . . . 10.6 5.51 4, 36, 42
NGC 4394 19.08 2.49 . . . 9.28 -6.37 3, 37, 46 NGC 4402 18.6 4.4 . . . 9.94 -5.29 4, 36, 42
NGC 4414 8.48 5.19 0.11 9.91 -4.34 2, 20, 36, 42 NGC 4459 19.53 0.52 0.06 9.48 -6.32 15, 32, 40, 52
NGC 4501 19.41 19.63 . . . 10.53 6.09 4, 36, 42 NGC 4519 19.67 1.14 . . . 9.71 -5.58 3, 37, 42
NGC 4526 18.79 1.55 0.12 9.88 -5.93 15, 32, 36, 50 NGC 4535 19.75 13.83 . . . 10.26 -2.78 4, 36, 42
NGC 4548 18.79 6.13 . . . 9.49 -6.21 4, 37, 42 NGC 4561 19.42 1.11 . . . 9.2 -6.08 3, 37, 42
NGC 4569 18.8 16.25 0.23 10.2 -2.87 2, 22, 36, 42 NGC 4571 19.43 3.51 . . . 9.38 -6.15 3, 37, 49
NGC 4579 19.32 8.13 . . . 10.07 -2.08 2, 36, 42 NGC 4631 7.35 2.17 0.06 10.18 1.36 7, 20, 36, 43
NGC 4639 18.97 3.33 . . . 9.38 -6.08 9, 37, 42 NGC 4647 19.1 5.53 . . . 10 -4.03 4, 36, 42
NGC 4651 19.12 3.13 . . . 9.91 -4.94 3, 36, 42 NGC 4654 19.55 6.64 . . . 10.31 -0.78 4, 36, 42
NGC 4689 19.79 7.58 . . . 9.47 -5.81 2, 37, 42 NGC 4698 19.51 0.84 . . . 9.07 -6.34 3, 37, 46
NGC 4710 19.23 2.2 0.11 9.88 -5.74 16, 34, 36, 52 NGC 4713 19.43 0.65 . . . 9.73 -4.4 3, 37, 42
NGC 4736 4.37 1.3 . . . 9.64 -5.79 2, 36, 42 NGC 4826 16.3 14.12 0.44 10.52 -3.11 1, 20, 36, 42
NGC 4945 5.2 15.74 0.47 10.73 7.19 9, 31, 36, 43 NGC 5005 14.1 12.36 0.62 10.24 -1.89 1, 20, 36, 42
NGC 5033 12.63 6.19 0.17 10.06 -3 9, 24, 36, 42 NGC 5055 7.44 6.35 0.11 10.03 -4.08 1, 20, 36, 42
NGC 5194 7.53 14 0.06 10.29 3.71 10, 22, 36, 42 NGC 5236 4.7 7.07 0.06 10.33 0.06 1, 28, 36, 46
NGC 5347 32.18 0.39 0.16 9.95 -5.6 14, 24, 41, 44 NGC 5457 4.94 5.31 . . . 9.93 -4.21 2, 36, 42
NGC 5678 32.23 20.62 0.99 10.61 7.27 1, 20, 36, 42 NGC 5713 30.26 11.33 0.38 10.82 10.91 1, 20, 36, 42
NGC 5775 27.61 16.2 0.84 10.82 16.49 1, 20, 36, 42 NGC 5861 28.5 4.13 0.12 10.49 -3.24 13, 21, 36, 44
NGC 5936 55.4 12.38 0.6 10.97 11.78 17, 35, 36, 50 NGC 6014 34.34 1.87 0.05 9.71 -5.82 16, 34, 41, 48
NGC 6207 17.55 0.75 . . . 9.68 -5.11 3, 37, 42 NGC 6217 24.26 6.46 . . . 10.37 -0.77 2, 36, 42
NGC 6503 6.27 0.99 . . . 9.22 -6.23 3, 36, 42 NGC 6643 25.79 8.78 . . . 10.51 1.14 6, 36, 42
NGC 6814 21.5 1.8 0.18 10.15 -3.65 14, 24, 36, 44 NGC 6946 4.16 5.16 0.23 9.94 -3.5 2, 20, 36, 42
NGC 6951 23.01 18.86 0.34 10.53 -2.09 2, 22, 36, 44 NGC 7252 64.9 9.27 . . . 10.73 6.4 3, 37, 48
NGC 7331 14.38 27.11 0.37 10.56 1.74 6, 20, 36, 42 NGC 7465 27.90 2.46 0.02 10.11 -4.62 16, 34, 36, 48
NGC 7479 33.56 23.08 0.94 10.82 8.02 9, 20, 36, 42 NGC 7582 21.66 7.98 0.41 10.88 8.76 13, 21, 36, 46
UGC 4013 122.84 4.38 2.31 10.78 4.07 14, 24, 41, 44 He 2-10 12 2.1 0.04 10.04 -4.96 19, 33, 40, 44
IC 342 4.32 16.32 0.4 10.11 -1.38 2, 20, 36, 42 IC 676 21 1.09 0.02 9.69 -5.85 16, 34, 41, 48
Maffei 2 4.1 6.72 0.09 9.73 -5.82 2, 30, 40, 44
(U)LIRGs
Arp 055 165.58 121.58 4.31 11.68 114.32 1, 20, 36, 42 Arp 148 147.13 45.54 4.84 11.6 56.54 1, 20, 36, 42
Arp 193 101.84 48.55 2.83 11.66 122.66 5, 23, 36, 42 Arp 220 80.89 90.59 10.78 12.2 248.83 3, 29, 36, 42
IC 0883 101.84 55.81 . . . 11.66 122.66 3, 36, 42 IC 1623 80.72 118.73 7.36 11.65 158.1 1, 20, 36, 44
IC 5179 44.65 21.78 3.06 11.11 32.96 1, 20, 36, 45 III Zw 35 110 18.55 2.7 11.57 52.53 17, 35, 36, 48
00335-2732 281.69 52.01 50.59 11.94 100.89 13, 21, 41, 44 00506+7248 65.2 22.81 0.78 11.44 56.67 17, 35, 36, 48
01364-1042 205.92 48.23 12.11 11.83 79.85 13, 21, 36, 50 03056+2034 114.09 30.09 1.02 11.25 20.23 13, 21, 40, 44
05189-2524 173.26 67.85 6.59 12.1 98.12 1, 20, 36, 44 05414+5840 61.63 38.19 2.34 11.22 39.96 13, 21, 36, 44
07329+1149 69.15 9.9 0.51 11.08 20.49 17, 35, 36, 48 08071+0509 222.9 86.16 7.82 11.84 160.05 13, 21, 41, 49
10039-3338 143.7 32.83 7.69 11.71 51.42 18, 21, 36, 44 10173+0828 204.09 54.36 3.71 11.78 47.43 5, 35, 36, 44
10565+2448 173.3 56.93 10.69 11.97 201.3 1, 20, 36, 48 11506-3851 40.26 8.93 2.78 11.15 12.22 13, 21, 36, 49
12112+0305 313.55 114.95 14.65 12.29 283.45 13, 27, 36, 52 13126+2452 54.08 16.9 0.34 11.09 4.27 13, 21, 36, 50
16399-0937 113.18 37 1.43 11.52 77.44 13, 21, 36, 44 17138-1017 75.0 22.62 0.67 11.39 40.24 17, 35, 41, 48
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TABLE 1 — Continued
Name D LCO LHCN LIR LRC Ref. Name D LCO LHCN LIR LRC Ref.
17208-0014 175.81 115.15 16.38 12.35 348.64 5, 21, 36, 47 17526+3253 103.36 27.18 1.59 11.08 21.72 13, 21, 41, 49
18090+0130 121.3 41.23 1.55 11.56 96.41 17, 35, 36, 48 18293-3413 79.89 92.39 4.94 11.81 166.95 1, 20, 36, 48
20550+1656 147.84 42.93 2.53 11.87 106.58 13, 21, 36, 44 22025+4205 60.68 8.09 2.07 10.97 8.93 13, 21, 36, 44
23365+3604 258.74 83.84 16.35 12.11 224.29 1, 20, 36, 48 Mrk 0231 173.37 62.08 20.78 12.48 863.92 5, 27, 36, 42
Mrk 0266 121.77 76.16 1.29 11.83 192.31 3, 26, 37, 52 Mrk 0273 159.66 66.72 14.35 12.14 434.95 1, 27, 36, 42
Mrk 0331 71.92 42.55 2.76 11.41 37.36 1, 20, 36, 44 Mrk 1027 121.3 48.95 2.68 11.38 87.26 1, 20, 36, 42
NGC 0023 62.4 16.23 0.65 11.08 23.88 17, 35, 36, 50 NGC 0034 80.92 35.32 8.97 11.46 39.59 14, 24, 36, 50
NGC 0695 130.6 89.49 4.73 11.63 146.25 1, 20, 36, 42 NGC 0828 72.73 78.92 0.81 11.32 59.42 3, 29, 36, 42
NGC 1068 15.46 29.56 2.99 11.37 132.3 9, 20, 36, 42 NGC 1144 115.93 71.3 1.95 11.39 242.85 1, 20, 37, 42
NGC 1365 21.84 43.28 3.55 11.17 15.11 1, 20, 36, 44 NGC 1614 64.78 32.86 1.25 11.61 62.99 12, 20, 36, 44
NGC 2146 15.34 14.34 1.03 11 23.85 1, 20, 36, 44 NGC 2369 44.72 27.09 1.97 11.1 28.54 13, 21, 36, 51
NGC 2388 60.4 22.85 1.14 11.25 21.8 17, 35, 36, 52 NGC 2623 76.71 24.47 1.41 11.52 60.98 3, 26, 36, 42
NGC 3034 4.89 10.34 0.45 11.03 15.51 1, 20, 36, 42 NGC 3110 73.24 24.74 1.02 11.29 76.4 17, 35, 36, 48
NGC 3256 35.86 46.43 2.48 11.56 95 11, 21, 36, 46 NGC 3690 48.02 34.41 2.62 11.88 175.15 3, 29, 36, 47
NGC 5135 54.08 30.5 2.57 11.19 61.49 1, 20, 36, 45 NGC 5653 55.31 16.44 0.63 11.05 20.39 17, 35, 36, 48
NGC 6240 106.71 83.26 14.71 11.85 527.69 5, 21, 36, 45 NGC 6701 59.07 32.51 1.3 11.07 30.72 1, 20, 36, 42
NGC 6921 59.41 30.22 2.41 11.07 5.17 3, 20, 40, 42 NGC 7130 68.58 44.06 3.21 11.37 96.58 1, 20, 36, 45
NGC 7469 68.08 33.31 2.01 11.61 93.98 1, 20, 36, 42 NGC 7552 22.05 11 0.69 11.05 9.66 11, 21, 36, 45
NGC 7591 67.37 16.45 0.57 11.01 15.87 17, 35, 41, 50 NGC 7771 58.04 30.46 3.99 11.34 50.43 12, 23, 36, 42
UGC 1845 63.96 19.79 1.09 11.08 24.14 17, 35, 36, 48 UGC 5101 164.93 48.77 11.71 11.95 546.91 1, 20, 36, 42
VII Zw 31 220.72 226.41 10.69 11.92 237.84 3, 20, 36, 44 ZW 049.057 53.38 8.48 1.53 11.18 10.99 5, 21, 36, 47
References. — CO data: [1] Gao & Solomon (2004a); [2] Kuno et al. (2007); [3] Young et al. (1995); [4] Chung et al. (2009b); [5] Papadopoulos et al. (2010);
[6] Nishiyama & Nakai (2001); [7] Paglione et al. (2001); [8] Sage (1993); [9] Maiolino et al. (1997); [10] Helfer et al. (2003); [11] Smith & Harvey (1996); [12] Elfhag et al. (1996);
[13] Baan et al. (2008); [14] Curran et al. (2000); [15] Young et al. (2008); [16] Crocker et al. (2012); [17] Garc´ıa-Burillo et al. (2012); [18] Gao & Solomon (1999);
[19] Bayet et al. (2009). HCN data: [20] Gao & Solomon (2004a); [21] Baan et al. (2008); [22] Krips et al. (2008); [23] Juneau et al. (2009); [24] Curran et al. (2000);
[25] Matsushita et al. (2010); [26] Imanishi et al. (2009); [27] Gracia´-Carpio et al. (2008); [28] Huettemeister et al. (1995); [29] Solomon et al. (1992); [30] Nguyen et al. (1992);
[31] Wang et al. (2004); [32] Krips et al. (2010); [33] Imanishi et al. (2007); [34] Crocker et al. (2012); [35] Garc´ıa-Burillo et al. (2012). IR data: [36] Sanders et al. (2003);
[37] Moshir et al. (1990); [38] Lisenfeld et al. (2007); [39] Rice et al. (1988); [40] Joint Iras Science (1994); [41] Moshir et al. (1993). 1.4 GHz RC data: [42] Condon et al. (2002);
[43] Strickland et al. (2004); [44] Condon et al. (1998); [45] Condon et al. (1996); [46] Condon (1987); [47] Baan & Klo¨ckner (2006); [48] Yun et al. (2001); [49] measured from our
radio maps; [50] Condon et al. (1990); [51] Mauch et al. (2008); [52] Becker et al. (2003).
Note. — D is the distance in [Mpc]; LCO and LHCN are line luminosities in [10
8 K km−1 pc2]; LIR is the log of total IR luminosity (8 − 1000µm) in [L⊙ ]; and LRC is the
luminosity of 1.4 GHz RC in [1021 W Hz−1].
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TABLE 2
Surface Density
Name Diameter log ΣH I log
aΣH2 log
bΣH2 log
aΣgas log Σden log ΣIR log ΣRC Ref.
[arcsec] [M⊙ pc−2] [M⊙ yr−1 kpc−2]
Normal Galaxies
NGC 0134 150 0.29 0.66 0.93 0.81 0.02 -1.83 -1.84 4, 33
NGC 0174 5.1 . . . 3.39 3.02 3.39 2.88 0.67 0.37 AU23,
NGC 0253 96 0.82 3.09 2.81 3.09 2.06 0.05 0.04 1, 24
NGC 0520 4.5 0.73 4.28 3.62 4.28 2.94 1.19 1.19 AC205, 27
NGC 0598 1713 0.89 -0.39 -0.12 0.91 . . . -2.45 -2.34 2, 18
NGC 0628 329 0.62 0.86 1.13 1.06 . . . -2.47 -2.41 1, 13
NGC 0660 18 0.19 3.43 3.04 3.43 1.99 0.37 0.34 AL296, 17
NGC 0772 79 0.48 1.9 2 1.92 . . . -1.7 -1.69 1, 19
NGC 0891 238 0.21 1.3 1.57 1.33 0.1 -1.76 -1.65 4, 17
NGC 0925 186 0.85 0.93 1.2 1.19 . . . -2.35 -2.33 1, 13
NGC 0931 50 . . . -0.14 0.13 -0.14 0.65 -1.66 -2.02 9,
NGC 1022 5.0 0.4 3.61 3.17 3.61 2.62 0.96 0.67 AG278+AL377, 20
NGC 1055 90 0.72 1.92 2.02 1.95 0.64 -1.33 -1.3 1, 17
NGC 1058 90 0.5 0.78 1.05 0.96 . . . -2.04 -2.21 AP404, 15
NGC 1097 28 0.14 2.42 2.36 2.42 . . . -0.08 -0.02 AB775, 28
NGC 1266 5.1 . . . 3.87 3.34 3.87 2.78 0.69 0.89 11,
NGC 1530 31 0.77 2.18 2.2 2.2 1.04 -0.85 -0.9 4, 15
NGC 1569 74 1.26 0.52 0.79 1.33 . . . -0.86 -0.68 1, 16
NGC 1667 33 . . . 1.7 1.87 1.7 1.65 -1.11 -0.9 AA281,
NGC 1808 17 0.72 3.26 2.93 3.26 2.62 0.61 0.51 AD231, 29
NGC 2273 1.7 0.3 3.6 3.16 3.6 3.38 1.47 1.55 AY044, 31
NGC 2276 76 1.02 1.19 1.46 1.41 0.12 -1.51 -1.04 1, 15
NGC 2403 328 0.85 0.18 0.45 0.93 . . . -2.15 -2.15 1, 13
NGC 2764 9.4 0.93 2.71 2.55 2.72 1.25 -0.26 -0.48 11, 20
NGC 2841 216 0.44 1.09 1.36 1.18 . . . -2.55 -2.35 1, 13
NGC 2903 122 0.74 1.77 1.92 1.81 0.56 -1.22 -1.21 1, 13
NGC 2976 154 0.9 0.89 1.16 1.2 . . . -1.85 -1.97 1, 13
NGC 3031 466 0.35 0.2 0.47 0.58 . . . -2.31 -2.27 1, 18
NGC 3032 15 -0.16 2.1 2.14 2.1 0.9 -0.81 -1 12, 38
NGC 3079 38 0.44 2.83 2.64 2.83 1.78 -0.4 0.01 ASTUD, 30
NGC 3147 60 0.28 2.06 2.11 2.07 0.42 -1.35 -1.3 1, 15
NGC 3310 32 0.97 1.62 1.81 1.71 . . . -0.43 -0.45 AD176, 15
NGC 3338 145 0.59 0.44 0.71 0.82 . . . -2.55 -2.42 1, 19
NGC 3351 16 0.28 3.25 2.93 3.25 . . . 0.08 -0.22 AO73, 13
NGC 3368 97 0.58 1.3 1.57 1.38 . . . -1.78 -1.91 1, 18
NGC 3486 129 0.91 0.94 1.21 1.23 . . . -2.09 -1.94 1, 18
NGC 3504 8.0 0.43 3.48 3.08 3.48 2.59 0.6 0.88 AS204, 31
NGC 3521 166 1.03 1.94 2.03 1.99 . . . -1.55 -1.54 1, 13
NGC 3556 185 1.12 0.96 1.23 1.35 -0.26 -1.86 -1.8 1, 15
NGC 3620 26 . . . 2.41 2.35 2.41 1.86 -0.16 -0.4 10,
NGC 3627 160 0.73 1.73 1.89 1.77 -0.03 -1.43 -1.41 1, 13
NGC 3628 71 0.85 2.42 2.36 2.43 1.3 -0.85 -0.73 1, 21
NGC 3631 85 . . . 1.67 1.85 1.67 . . . -1.64 -1.63 1,
NGC 3665 31 . . . 1.44 1.69 1.44 0.46 -1.48 -0.86 11,
NGC 3675 89 0.56 1.74 1.9 1.77 . . . -1.55 -1.74 1, 18
NGC 3726 174 0.8 0.86 1.13 1.13 . . . -2.37 -2.43 1, 15
NGC 3893 81 1.19 1.46 1.71 1.65 0.65 -1.45 -1.38 1, 15
NGC 3938 149 0.82 1.1 1.37 1.28 . . . -2.1 -2.1 1, 18
NGC 4030 74 0.55 2.02 2.09 2.03 0.91 -1.31 -1.3 1, 22
NGC 4038 49 . . . 2.16 2.18 2.16 0.6 -0.66 -0.72 9,
NGC 4041 35 . . . 2.26 2.25 2.26 1.03 -0.8 -0.81 AC101,
NGC 4150 17 -0.31 1.74 1.9 1.74 0.59 -0.65 -1.21 11, 15
NGC 4178 166 0.93 -0.18 0.09 0.96 . . . -2.8 -2.53 1, 18
NGC 4189 73 0.88 1.16 1.43 1.34 . . . -1.96 -2 9, 14
NGC 4254 137 0.96 1.66 1.84 1.74 . . . -1.54 -1.4 1, 14
NGC 4258 207 0.57 1.28 1.55 1.36 . . . -1.97 -1.59 BG062, 18
NGC 4294 56 1.3 0.59 0.86 1.38 . . . -1.8 -1.7 AV298, 14
NGC 4299 45 1.29 0.78 1.05 1.41 . . . -1.6 -1.54 AV298, 14
NGC 4303 136 0.84 1.5 1.73 1.59 . . . -1.57 -1.37 1, 18
NGC 4321 123 0.51 1.68 1.86 1.71 . . . -1.6 -1.51 1, 14
NGC 4394 75 -0.6 1.18 1.45 1.19 . . . -2.3 -3.11 1, 14
NGC 4402 54 0.87 1.74 1.89 1.79 . . . -1.43 -1.58 5, 14
NGC 4414 71 0.51 2.25 2.24 2.26 0.93 -1.02 -0.94 1, 19
NGC 4459 6.5 . . . 2.61 2.48 2.61 2.02 -0.03 -0.65 12,
NGC 4501 121 0.6 1.65 1.83 1.69 . . . -1.64 -1.47 1, 14
NGC 4519 88 . . . 0.67 0.94 0.67 . . . -2.1 -2.16 1,
NGC 4526 11 0.71 2.66 2.52 2.66 1.87 -0.12 -0.49 5, 39
NGC 4535 133 0.57 1.4 1.66 1.46 . . . -1.99 -2.04 1, 14
NGC 4548 96 -0.26 1.37 1.64 1.38 . . . -2.32 -2.67 AB342+AC101, 14
NGC 4561 57 1.2 1.05 1.32 1.43 . . . -2.14 -2.07 9, 14
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TABLE 2 — Continued
Name Diameter log ΣH I log
aΣH2 log
bΣH2 log
aΣgas log Σden log ΣIR log ΣRC Ref.
[arcsec] [M⊙ pc−2] [M⊙ yr−1 kpc−2]
NGC 4569 85 0.61 1.9 2 1.92 0.39 -1.61 -1.62 1, 14
NGC 4571 94 . . . 1.12 1.39 1.12 . . . -2.43 -2.59 1,
NGC 4579 57 0.1 1.92 2.02 1.93 . . . -1.4 -1.23 1, 14
NGC 4631 298 0.37 0.75 1.02 0.9 -0.47 -1.9 -1.62 1, 17
NGC 4639 83 0.64 1.22 1.49 1.32 . . . -2.3 -2.38 AK205, 18
NGC 4647 74 0.59 1.54 1.76 1.59 . . . -1.68 -1.64 9, 18
NGC 4651 54 0.91 1.56 1.78 1.65 . . . -1.48 -1.52 1, 14
NGC 4654 108 0.93 1.27 1.54 1.43 . . . -1.75 -1.71 1, 14
NGC 4689 68 0.49 1.72 1.88 1.74 . . . -2.08 -2.05 1, 14
NGC 4698 81 0.27 0.62 0.89 0.78 . . . -2.55 -2.96 AC101+AB342, 14
NGC 4710 11 . . . 2.79 2.61 2.79 1.81 -0.13 -0.4 5,
NGC 4713 66 1.17 0.69 0.96 1.29 . . . -1.83 -1.61 AV298, 14
NGC 4736 104 0.91 1.89 2 1.93 . . . -1.01 -1.09 1, 13
NGC 4826 39 0.88 2.64 2.51 2.65 1.47 -0.51 -0.84 AS541, 13
NGC 4945 47 -0.02 3.52 3.1 3.52 2.33 0.51 0.53 10, 26
NGC 5005 69 0.11 2.21 2.22 2.21 1.25 -1.15 -1.11 1, 22
NGC 5033 63 0.79 2.09 2.13 2.11 0.85 -1.13 -1.02 1, 18
NGC 5055 185 0.7 1.62 1.81 1.67 0.18 -1.63 -1.62 1, 13
NGC 5194 284 0.58 1.58 1.79 1.62 -0.44 -1.78 -1.48 1, 13
NGC 5236 321 0.44 1.59 1.79 1.62 -0.13 -1.44 -1.37 1, 13
NGC 5347 36 0.58 0.56 0.83 0.87 0.51 -1.55 -1.81 9, 15
NGC 5457 452 0.58 1.12 1.39 1.23 . . . -2.14 -2.06 AC101+AF085, 13
NGC 5678 57 1.02 1.88 1.99 1.94 0.9 -1.36 -1.22 9, 19
NGC 5713 33 0.96 2.15 2.17 2.18 1.01 -0.63 -0.59 AL377, 23
NGC 5775 115 0.62 1.3 1.57 1.38 0.35 -1.63 -1.47 6, 24
NGC 5861 73 . . . 1.08 1.35 1.08 -0.13 -1.57 -1.88 9,
NGC 5936 9.0 . . . 2.79 2.61 2.79 1.81 0.12 0.04 5,
NGC 6014 4.4 . . . 3.01 2.76 3.01 1.76 0.01 -0.15 11,
NGC 6207 76 0.82 0.72 0.99 1.07 . . . -1.91 -1.78 9, 19
NGC 6217 16 . . . 2.73 2.57 2.73 . . . -0.23 -0.24 AC205+AC101,
NGC 6503 118 0.68 1.35 1.62 1.43 . . . -1.77 -1.93 1, 19
NGC 6643 74 1.08 1.48 1.72 1.63 . . . -1.48 -1.51 4, 15
NGC 6814 93 0.73 0.75 1.02 1.04 0.08 -1.85 -1.89 9, 36
NGC 6946 318 0.87 1.56 1.78 1.64 0.56 -1.68 -1.51 1, 13
NGC 6951 82 0.27 1.82 1.95 1.83 0.41 -1.46 -1.7 9, 35
NGC 7252 5.0 . . . 3.04 2.78 3.04 . . . 0.26 0.26 AN90,
NGC 7331 146 0.91 1.88 1.99 1.92 0.35 -1.52 -1.56 1, 13
NGC 7465 7.5 0.86 2.84 2.65 2.84 1.11 0.07 -0.07 11, 40
NGC 7479 97.9 0.79 1.43 1.68 1.52 0.37 -1.67 -1.7 1, 25
NGC 7582 35 0.31 2.24 2.23 2.25 1.29 -0.33 -0.4 4, 34
UGC 4013 32 . . . 0.55 0.82 0.55 0.61 -1.86 -1.99 AC345,
He 2-10 9.1 0.93 3.34 2.98 3.34 1.92 0.58 0.43 AH173, 37
IC 342 529 0.32 1.59 1.79 1.61 0.32 -2 -1.81 1, 17
IC 676 6.2 . . . 2.9 2.69 2.9 1.59 0.12 -0.04 11,
Maffei 2 23.3 0.54 3.96 3.41 3.96 2.41 0.42 0.24 AH407, 32
(U)LIRGs
Arp 055 2.2+0.8 . . . 4 3.43 4 2.89 1.15 1.08 5,
Arp 148 0.24 . . . 5.66 4.56 5.66 5.02 3.16 2.88 7,
Arp 193 2.9 . . . 3.84 3.32 3.84 2.94 1.37 1.34 5,
Arp 220 0.34+0.22 . . . 6.02 4.81 6.02 5.43 3.81 3.55 7,
IC 0883 2.2 . . . 4.14 3.53 4.14 . . . 1.61 1.58 AB370,
IC 1623 15 . . . 3 2.75 3 2.13 0.14 0.22 AS267,
IC 5179 33 . . . 2.1 2.14 2.1 1.58 -0.56 -0.57 4,
III Zw 35 0.18 . . . 5.77 4.64 5.77 5.27 3.63 3.35 7,
IR 00335-2732 0.36 . . . 4.8 3.98 4.8 5.12 2.57 2.19 AN054,
IR 00506+7248 3.2 . . . 3.41 3.03 3.41 2.28 1.05 0.93 11,
IR 01364-1042 0.19 . . . 5.59 4.52 5.59 5.33 3.29 2.93 7,
IR 03056+2034 0.47 . . . 5.12 4.19 5.12 3.98 2.45 2.14 11,
IR 05189-2524 0.22 . . . 5.76 4.63 5.76 5.09 3.57 3.03 7,
IR 05414+5840 4.9 . . . 3.72 3.24 3.72 2.84 0.92 0.88 AS192+AM293,
IR 07329+1149 5.1 . . . 3.4 3.02 3.4 2.45 1.06 0.91 AC685+AC345,
IR 08071+0509 1.2 . . . 4.18 3.55 4.18 3.47 1.63 1.54 AB660,
IR 10039-3338 0.72 . . . 4.58 3.83 4.58 4.29 2.33 1.91 11,
IR 10173+0828 0.13 . . . 5.98 4.78 5.98 5.15 3.58 3.06 AS530,
IR 10565+2448 0.80 . . . 4.57 3.82 4.57 4.18 2.33 2.21 7,
IR 11506-3851 3.8 . . . 3.68 3.21 3.68 3.51 1.44 1.08 AM93,
IR 12112+0305 0.16+0.12 . . . 5.56 4.49 5.56 5 3.33 3.04 AN122,
IR 13126+2452 0.36 . . . 5.74 4.62 5.74 4.38 3.18 2.62 11,
IR 16399-0937 10.8+5.1 . . . 2.4 2.35 2.4 1.33 -0.09 -0.16 AB660,
IR 17138-1017 5.9 . . . 3.16 2.86 3.16 1.97 0.75 0.55 4,
IR 17208-0014 0.58 . . . 5.14 4.21 5.14 4.63 2.97 2.71 AH640,
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TABLE 2 — Continued
Name Diameter log ΣH I log
aΣH2 log
bΣH2 log
aΣgas log Σden log ΣIR log ΣRC Ref.
[arcsec] [M⊙ pc−2] [M⊙ yr−1 kpc−2]
IR 17526+3253 1.6+1.3 . . . 3.87 3.35 3.87 2.98 1.08 0.97 AM293,
IR 18090+0130 3.0 . . . 3.59 3.15 3.59 2.5 1.09 1.06 AB275,
IR 18293-3413 12 . . . 3.1 2.82 3.1 2.16 0.49 0.45 4,
IR 20550+1656 7.3+5.1 . . . 2.49 2.41 2.49 1.6 0.27 -0.01 AT149,
IR 22025+4205 1.0 . . . 4.44 3.73 4.44 4.18 1.95 1.79 AM293,
IR 23365+3604 0.21 . . . 5.55 4.49 5.55 5.18 3.28 3.07 AB660,
Mrk 0231 0.44 . . . 5.12 4.2 5.12 4.99 3.35 3.35 5,
Mrk 0266 13 . . . 2.58 2.47 2.58 1.14 0.07 0.07 5,
Mrk 0273 0.32+0.17 . . . 5.4 4.38 5.4 5.07 3.25 3.29 7,
Mrk 0331 2.53 . . . 4.2 3.57 4.2 3.35 1.55 1.3 AC243,
Mrk 1027 11 . . . 2.53 2.44 2.53 1.61 -0.22 -0.1 5,
NGC 0023 8.0 . . . 2.91 2.69 2.91 1.85 0.35 0.26 AD255,
NGC 0034 0.4 . . . 5.62 4.54 5.62 5.37 3.09 2.82 7,
NGC 0695 13 . . . 2.59 2.47 2.59 1.65 -0.18 -0.1 5,
NGC 0828 12 . . . 3.11 2.83 3.11 1.46 0.09 0.11 4,
NGC 1068 7.3 . . . 4.46 3.75 4.46 3.8 1.92 2.21 BG066,
NGC 1144 10 . . . 2.82 2.63 2.82 1.59 -0.08 0.44 AC205,
NGC 1365 20 . . . 3.45 3.06 3.45 2.7 0.55 0.23 AC348,
NGC 1614 2.2 . . . 4.3 3.64 4.3 3.22 1.96 1.71 AL503,
NGC 2146 27 . . . 3.02 2.76 3.02 2.21 0.44 0.42 3,
NGC 2369 28 . . . 2.33 2.3 2.33 1.53 -0.43 -0.48 10,
NGC 2388 5.5 . . . 3.41 3.03 3.41 2.45 0.87 0.58 11,
NGC 2623 0.46 . . . 5.39 4.38 5.39 4.49 3.07 2.91 7,
NGC 3034 43 . . . 3.46 3.07 3.46 2.44 1.05 0.87 AW624+AS250,
NGC 3110 20 . . . 2.16 2.18 2.16 1.11 -0.38 -0.24 5,
NGC 3256 12 . . . 3.49 3.09 3.49 2.56 0.95 0.91 AS412+AR531,
NGC 3690 27 . . . 2.41 2.35 2.41 1.63 0.3 0.21 AY102,
NGC 5135 6.5+0.7 . . . 3.48 3.08 3.48 2.75 0.76 0.91 8,
NGC 5653 19 . . . 2.27 2.25 2.27 1.19 -0.32 -0.44 5,
NGC 6240 8.6 . . . 3.09 2.81 3.09 2.67 0.57 0.98 4,
NGC 6701 22 . . . 2.38 2.33 2.38 1.32 -0.49 -0.48 4,
NGC 6921 4.1 . . . 3.8 3.3 3.8 3.04 0.97 0.46 AC264,
NGC 7130 0.6 . . . 5.51 4.46 5.51 4.71 2.79 2.96 AK394,
NGC 7469 3.3 . . . 3.91 3.37 3.91 3.03 1.56 1.47 AL490,
NGC 7552 7.2+6.1 . . . 3.5 3.09 3.5 2.64 1.09 0.74 AS721,
NGC 7591 0.94 . . . 4.71 3.91 4.71 3.59 2.07 1.92 AC685,
NGC 7771 16.97 . . . 2.59 2.48 2.59 2.05 0.01 -0.06 5,
UGC 1845 3.1 . . . 3.8 3.29 3.8 2.88 1.15 1.07 AC301+AT149,
UGC 5101 0.41 . . . 5.12 4.2 5.12 4.84 2.93 3.26 AA095+AS402,
VII Zw 31 3.6 . . . 3.65 3.19 3.65 2.66 0.76 0.76 4,
ZW 049.057 0.54 . . . 5.1 4.18 5.1 4.7 2.92 2.5 5,
References. — Radio map: [1] Condon (1987); [2] Buczilowski & Beck (1987); [3] Braun et al. (2007); [4] Condon et al. (1996); [5] Condon et al. (1990); [6] Irwin et al. (1999);
[7] Condon et al. (1991); [8] Ulvestad & Wilson (1989); [9] Condon et al. (2002); [10] Mauch et al. (2008); [11] NRAO Image Archive; [12] Becker et al. (2003). ΣH I:
[13] Walter et al. (2008); [14] Chung et al. (2009a); [15] van der Hulst (2002); [16] Hunter et al. (2012); [17] Martin (1998); [18] Cayatte et al. (1994); [19] Rhee & van Albada (1996);
[20] Chamaraux et al. (1986); [21] Giovanardi et al. (1983); [22] Fouque (1984); [23] Bottinelli et al. (1970); [24] Whiteoak & Gardner (1977); [25] Laine & Gottesman (1998);
[26] Ott et al. (2001); [27] Stanford (1990); [28] Ondrechen et al. (1989); [29] Saikia et al. (1990); [30] Irwin & Seaquist (1991); [31] Noordermeer et al. (2005); [32] Hurt et al. (1996);
[33] Ryan-Weber et al. (2003); [34] Freeland et al. (2009); [35] Helou et al. (1981); [36] Liszt & Dickey (1995); [37] Kobulnicky et al. (1995); [38] Oosterloo et al. (2010);
[39] Gallagher et al. (1975); [40] Li & Seaquist (1994).
Note. — a - the molecular gas mass (or total gas mass) is calculated using a fixed CO-to-H2 conversion factor value of 4.6 M⊙ (K km s
−1 pc2)−1; b - the molecular gas
mass is calculated using continuously-varying αCO. The (J)VLA observation project codes were given for the radio images reduced in this work. Two project codes were given
in the cases that the data sets from two different (J)VLA configurations were combined. For interacting galaxies which clearly show two independent components, such as
Arp 055 and Arp 220, we gave the radio sizes for both components.
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APPENDIX
A. CALCULATING GAS MASS AND SFR
A.1 Atomic Gas Mass
As H I emission is optically thin for most galaxies and does not suffer from extinction by interstellar dust, emission
of H I can be converted directly into H I mass. The H I masses have been calculated from the H I fluxes using:
M(H I) [M⊙] = 2.36× 10
5 ×D2L × F (H I) (A1)
where DL is the distance to the source in Mpc and F(H I) is the H I flux in units of Jy km s
−1. Given the fact that
most of our objects are seen at low inclinations, we did not attempt to correct for any unknown optical depth effects.
We assume that H I emissions in all galaxies are optically thin. If there were significant self-absorption, this would
cause the derived H I masses to be underestimated.
A.2 Molecular Gas Mass
The CO line luminosity L′
CO
was calculated from the formula:
L′CO = 3.25× 10
7 × SCO ∆υ × ν
−2
obs
×D2L (A2)
where L′
CO
is in K km s−1 pc2, SCO ∆υ in Jy km s
−1, distance DL in Mpc and observation frequency νobs of
CO (1-0) for nearby galaxies is 115.27 GHz. The molecular gas mass can be derived from L′CO with an empirical
derivation of the CO-H2 conversion factor (αCO) which assumes a linear conversion relation: M(H2 + He) (M⊙) =
αCO ×L
′
CO
(K km s−1). The Galactic conversion factor value is αCO = 4.6 M⊙ (K km s
−1 pc2)−1 (Young & Scoville
1991). A correction factor of 1.36 was applied to include helium.
A.3 Dense Molecular Gas Mass
The line luminosity of dense molecular gas L′HCN is then determined with the formula (GS04b):
L′HCN (K km s
−1 pc2)−1 = 3.25 × 107 × SHCN ∆υ × ν
−2
obs
×D2L, (A3)
where SHCN ∆υ in Jy km s
−1, distance DL in Mpc and observation frequency νobs of HCN (1-0) for local galaxies is
88.6 GHz. The dense molecular gas mass Mdense is obtained from L
′
HCN using the formula given by GS04a:
Mdense (M⊙) = 10× L
′
HCN (K km s
−1 pc2)−1 (A4)
which assumed a conversion factor of 10 M⊙ (K km s
−1 pc2)−1 between L′HCN and dense molecular gas mass.
A.4 The SFRs
The SFRs calibration of Bell (2003) which takes into account the effect of the reduced efficiency of IR
Fig. 6.— The distributions of SFR(IR) and SFR(RC) gen-
erally follow a trend denoted by the dashed line which is lin-
ear, suggesting that the two SFRs gave qualitatively identical
results.
and radio emission from low-luminosity galaxies, along with cor-
recting for old stellar populations, is
SFR(IR) =
{
1.57× 10−10LIR(1 +
√
109/LIR), LIR > 10
11,
1.17× 10−10LIR(1 +
√
109/LIR), LIR ≤ 10
11,
(A5)
SFR(RC) =
{
5.52× 10−22L1.4GHz, L > Lc,
(5.52× 10−22L1.4GHz)/[0.1 + 0.9(L1.4GHz/Lc)
0.3], L ≤ Lc.
(A6)
Here, we define SFR(IR) and SFR(RC) as the SFRs derived
from total infrared luminosity and 1.4 GHz radio continuum
luminosity, respectively. The SFRs is in units of M⊙ yr
−1,
LIR is given in units of L⊙, L1.4GHz is in W Hz
−1 and Lc =
6.4 × 1021 W Hz−1, which is the 1.4 GHz radio luminosity of a
∼ L∗ galaxy.
Fig. 6 shows the comparison of the IR-based SFR(IR) and
RC-based SFR(RC). Overall, the two SFRs gave qualitatively
identical results with scatter of only ∼ 0.21 dex. It is worth a
quick note that the two SFRs of some individual galaxies can
deviate substantially from each other, such as NGC 4394 and
IRAS 12243-0036. This was also noted by Bell (2003), i.e., the
above calibrations are more based on a galaxy-by-galaxy basis
and some individual galaxies can deviate substantially from the
mean behavior. The SFRs in our sample spanned a wide range,
from ≤ 1 M⊙ yr
−1 in some quiescent early type galaxies to more than ∼ 480 M⊙ yr
−1 in strong starbursts.
As an excellent agreement was found between the two SFR estimators, using one over the other, therefore, did not
alter our results of SF laws in any significant way. Here we show some examples of SF laws derived by adopting
RC-based SFRs. Fig. 7 presents the relations between the densities of SFR(RC) and molecular gas, total gas as well
as dense gas. The derived slopes are N = 1.10 ± 0.02, N = 1.19 ± 0.02 and N = 0.98 ± 0.02, respectively, agreeing
very well with the same relations derived from IR-based SFRs.
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B. RADIO SIZE MEASUREMENT
Fig. 7.— The SF laws derived by using RC-based SFRs:
(a) SFR(RC) vs. H2; (b) SFR(RC) vs. total gas; (c)
SFR(RC) vs. dense gas. The molecular gas (and total gas)
here is deduced by adopting contant Galactic αCO. The SF
laws derived by adopting RC-based SFRs agree well with the
results using IR-based SFRs.
Most of our radio images are based on 1.4 GHz (L-band) RC
observations. However, for the compact starbursts whose radio
emissions are unresolved by the highest resolution (∼ 1′′.5) of 1.4
GHz VLA maps, the higher frequency (J)VLA observations were
adopted to achieve higher resolutions. It is worth noting that the
high-resolution maps may miss extended low-brightness compo-
nents, and thus the extended global structure of the source. We
made every effort to ensure that each galaxy can be resolved yet
little missing flux due to high interferometer resolution.
The galaxy major/minor axis was determined by fitting 2D
Gaussian to each radio map using the AIPS task IMFIT. In
general, we tend to choose the resolved radio maps with the low-
est resolution for each galaxy. Around 98% (178/181) of our
galaxies were resolved, among which ∼ 88% (158/181) were fully
resolved with deconvolved sizes larger than beam sizes, and ∼
11% (20/181) galaxies were partially resolved (i.e., those with
deconvolved sizes larger than 1/2 beam size). As for the cases
where one-component Gaussian model failed, such as the galaxies
with complex morphologies, we measured their effective diame-
ters, which contains half of the integrated radio flux, instead.
The radio sizes of our galaxies range between 0′′.2 to 13′, corre-
sponding to ∼ 0.2 kpc to 20 kpc in linear scale. The typical values
for normal spirals were 1 − 10 kpc, while the size of (U)LIRGs
were significantly smaller with typical values being a few kpc or
less. Especially for those extremely compact starbursts, their
high surface brightness radio emission is restricted at nuclear re-
gion within an extent of a few hundreds pc scale.
One important caveat on the use of radio size, however, is
the possibility of an active galactic nucleus (AGN) contributing
to the radio emission. Luckily, the interferometers with very
long baselines (e.g., VLBA and VLBI) have extremely high res-
olution to easily pick out AGN. Our trick is to assume AGN
are point sources and estimate their radio contribution through
highest angular resolution observations to galaxy radio cores by
VLBA/VLBI. We found that radio cores contributed only a small
fraction (≤ 10%) of the total radio flux for most of our Seyfert
galaxies. As for those Seyfert galaxies whose radio core con-
tribute more than 10% of the total RC flux, we subtracted point
source equivalent to that value in lower resolution VLA map and
then fitted a Gaussian to the difference. Thus, we took the aver-
age of the upper and lower values as a approximate estimate of
the radio size in these Seyfert galaxies.
C. CORRELATION WITH FIR COLOR C(60/100)
Fig. 8 presents ΣSFR/Σdense versus C(60/100) for HCN sample.
The ΣSFR/Σdense shows a weak dependence on the C(60/100),
or dust temperature Tdust since C(60/100) is a good estima-
tor of Tdust (Chanial et al. 2007; Dı´az-Santos et al. 2010). The
ΣSFR/Σdense ratio gets slightly higher for warmer dust tempera-
ture.
We found a rather strong FIR color denpence of
ΣSFR. Fig. 9 plots our IR-based SFR versus C(60/100)
for the 175 galaxies with C(60/100) > 0.25. Fit-
ting all the points in the figure derives a relation:
logΣSFR = (10.09± 0.46) logC(60/100) + (2.68± 0.17). And
this fitted relationship was used in Lu et al. (ApJL, submiited)
in roughly estimating SFR surface density from FIR color.
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Fig. 8.— ΣSFR/Σdense ratio as a function of the FIR
color [C(60/100)].
Fig. 9.— ΣSFR as a function of the FIR color
[C(60/100)].
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